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1.0 Executive Summary 
The on-orbit ISS IATCS consists of a Low Temperature Loop (LTL) and a Moderate 
Temperature Loop (MTL), which provides coolant to the U.S. Laboratory and airlock modules 
(Figure 1-1).  The nominal circuit volumes and supply temperatures for the LTL are 63 liters (L) 
and 3.3 to 6.1o Celsius (C), and for the MTL, 200 L and 16.1 to 18.3o C.  The LTL and MTL 
normally operate independently in a dual loop mode, but can be cross-connected (single loop 
mode) so that a single Pump Package Assembly (PPA) circulates both loops.  The water-based 
IATCS collects heat from sources within the pressurized elements and transfers heat to the 
External Active Thermal Control Systems (EATCS) via the ammonia-to-water Interface Heat 
Exchangers (IFHXs) mounted externally to the U.S. Laboratory endcone (Figure 1-2).  Future 
pressurized modules (Node 2, Columbus, etc.) will have independent IATCSs, but the potential 
exists for fluid from one IATCS to mix with fluid from another IATCS during switching of 
equipment racks on-orbit.  
 
 
 
        
        
Figure 1-1.  U.S. Laboratory, Node 1, and Airlock General IATCS Schematic 
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Figure 1-2.  Heat Transfers to the EATCS via the Ammonia-to-Water -IFHXs  
 
Since early 2002, the IATCS coolant chemistry has deviated from “as circulated” specification 
limits identified in SSP 30573, Revision B, ISS Program Fluid Procurement and Use Control 
Specification (shown in Table 1-1).  The chemistry deviation was the result of the normal ISS 
on-board control range of  the partial pressure (2-6 mmHg) of carbon dioxide (CO2), combined 
with the use of Teflon flexible hoses for the IATCS coolant.  Diffusion of CO2 from the cabin 
atmosphere through the flexible hoses and into the coolant loop increased carbonic acid levels in 
the coolant fluid and lowered the coolant pH (Figure 1-3).   
 
Table 1-1.  IATCS Coolant Chemistry Specification Limits 
Chlorides 1.0 ppm maximum 
Dissolved Oxygen 6.0 ppm minimum 
Total Organic Carbon (TOC) 5 ppm maximum 
Di or Tri Sodium Phosphate 200 – 250 ppm 
Sodium Borate 800 – 1200 ppm 
Silver Sulfate 0.1 – 0.3 ppm 
pH 9.5 + 0.5 
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Figure 1-3.  pH Decrease caused by Diffusion of Cabin CO2 into IATCS Coolant 
(permeated through the IATCS Teflon flexible hoses) 
 
As the pH decreased, the microbe population increased, and the dissolved nickel content 
increased (shown in Figures 1-4a and 1-4b), as determined from returned ISS IATCS water 
samples. Subsequently, the phosphate concentration decreased as the nickel phosphate saturation 
limit was exceeded (shown in Figure 1-4c).  Furthermore, nickel precipitates (primarily nickel 
phosphate) were observed in IATCS filters. A green color was noted on gas traps, which may or 
may not be due to precipitates. Nickel dissolution and the formation of nickel precipitates were 
not observed in the ground-based development and certification testing, where IATCS-specified 
fluid chemistry (especially the pH) remained stable for at least 2 years.  Concerns were raised 
that continued precipitation in the IATCS fluid could lead to other fouling-related issues 
associated with several system components.  Further investigation into the effects of pH 
reduction increased the area of concern to include increased microbial levels and biofilm 
development.  These latter conditions could lead to galvanic and/or microbial corrosion and 
reductions in cold plate/HX efficiencies. 
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Figure 1-4a.  Increase in Microbe Counts in IATCS Loops Coincident with Decreased pH 
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 Figure 1-4b.  Increase in Dissolved Nickel Ion Content of the IATCS Coolant Loops 
Coincident with Decreased pH 
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 Figure 1-4c.  Decrease in Phosphate Concentration in the IATCS Loops following 
Increases in Dissolved Nickel 
 
The ISS Program requested support in assessing the following: 
1. The Program’s approach and corrective actions proposed to address the observed 
chemical changes to the IATCS coolant chemistry.  
2. The potential for component life reduction.  
3. Possible revisions in the requirements for crew protection and intervention.     
 
The approach is to provide collaborative support in three principal areas:   
- 
- 
- 
Assist in the determination of an antimicrobial selection for Node 2 and U.S. Laboratory. 
Provide an assessment of the likelihood of additional corrosion and its impact on the 
performance and integrity of the IATCS. 
Provide a proactive assessment of the effect of having quantities of coolant from the 
different modules intermingling when equipment racks and experiments are moved 
between laboratories. 
This report provides global recommendations on system investigations (Section 12.1), specific 
recommendations on the principal areas under assessment (Section 12.2), and a number of 
collateral recommendations on issues integral to the safe operation of the IATCS (Section 11.8).  
It is recognized that the IATCS is a complex system with chemical and performance responses 
not readily predictable under the current investigation structure.  Therefore, the NESC team has 
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adopted the governing tenets of protect the crew, proceed with caution as to do no harm, and act 
only when necessary. 
 
Seven antimicrobials are recommended for characterization against the reference antimicrobial 
of glutaraldehyde: 
- Iodine 
- Iodine/Silver 
- Hydrogen Peroxide/Silver 
- Silver on a ceramic bed matrix 
- Orthophthalaldehyde 
- Isothiazolones 
- Chlorhexidine 
 
The cleanliness control approaches for rack and equipment transfers between the IATCSs are 
based on mass/contaminate balance calculations, interface pretreatment regimens, and crew 
hygiene protocols. 
 
The collateral recommendations (refer to Section 11.8) on synergistic components of the IATCS 
coolant chemistry address the following issues: 
- Glutaraldehyde toxicity assessment. 
- Borate/carbonate buffer additions. 
- Node 2 antimicrobial implementation. 
- Nickel Removal Assembly (NiRA) and Phosphorous Removal Assembly (PhosRA) 
characterization and implementation.  
- Corrosion monitoring equipment for ground-based systems. 
- Long-term antimicrobial development. 
- Comprehensive ground test roadmap for potential bio- and chemical-fouling, and 
corrosion damage problems. 
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2.0 Identification 
 
ITA/I #:  04-018-E 
Initiator Name:   
William H. Gerstenmaier 
Initiator Contact Info: 
William.H.Gerstenmaier@nasa.gov 
Short Title:  International Space Station (ISS) Internal Active Thermal Control System 
(IATCS) Cooling Water Chemistry 
Description: Assess the approach and corrective actions proposed to address the observed 
chemical changes to the IATCS coolant chemistry, the potential for component life reduction, 
and requirements for crew protection and intervention. 
Date Received:  February 2, 2004 Date ITA/I Initiated:  February 2, 2004 
Initial Evaluator Assigned:   
David Hamilton 
Initial Evaluator Contact Info: 
David.A.Hamilton@nasa.gov 
Lead Assigned:  
Steven J. Gentz 
Lead Contact Info: 
Steven.J.Gentz@nasa.gov 
2.1 Team Members and Consultants 
The team was assembled based on recommendations and assistance from the NESC Discipline 
Experts, Chief Engineers, and the Deputy Director for Safety.  The following table indicates the 
core team of subject matter experts (SME) who will be augmented by a number of additional 
technical specialists and consultants. 
 
Last  
Name 
First 
Name 
Position/SPRT 
Affiliation 
Center/ 
Organization 
Office 
Number Email 
Gentz Steven Lead LaRC 757-864-9263 Steven.J.Gentz@nasa.gov 
Kelly Robert Materials Consultant 434-982-5783 rgk6y@virginia.edu 
Dexter Stephen Materials Consultant 302-645-4261 dexter@cms.udel.edu 
Choban Pete Technical Lead The Aerospace Corporation 281-483-4890 Peter.S.Choban1@jsc.nasa.gov 
Stewart Thomas Laboratory Coordination Manager 
The Aerospace 
Corporation 310-336-1874 Thomas.B.Stewart@aero.org 
Speckman Donna Materials The Aerospace Corporation 310-336-9399 Donna.M.Speckman@aero.org 
Easton Myriam Materials The Aerospace Corporation 310-336-1605 Myriam.P.Easton@aero.org 
Park Woonsup Materials The Aerospace Corporation 310-336-2480 Woonsup.Park@aero.org 
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Last  
Name 
First 
Name 
Position/SPRT 
Affiliation 
Center/ 
Organization 
Office 
Number Email 
Lince Jeff Materials The Aerospace Corporation 310-336-4464 Jeffrey.R.Lince@aero.org 
Rotter Henry Fluids/Life Support Consultant JSC 281-483-9249 Henry.A.Rotter@nasa.gov 
Holt Mike IATCS Program Liaison MSFC 256-544-3253 James.M.Holt@nasa.gov 
Costello Tom IATCS Program Liaison JSC 281-483-0119 Thomas.A.Costello@nasa.gov 
Himel Mac Program Liaison JSC 281-483-4086 Malcolm.J.Himel@nasa.gov 
McAlhaney Lisa 
Management & 
Technical Support 
Office 
LaRC 757-864-2139 Lisa.A.Mcalhaney@nasa.gov 
3.0 ITA/I Plan 
The consultation team, formed to support this activity, consisted primarily of personnel from 
outside the Agency (i.e., The Aerospace Corporation and academia) as available microbiologists 
and associated expertise were currently engaged by the ISS Program on this issue.  Support was 
provided through: 
 
- Review of ongoing and completed laboratory testing and performance projections. 
- Participation in weekly teleconferences with the IATCS System Problem Resolution 
Team (SPRT).  
- Attendance at periodic SPRT and Coolant Working Group (CWG) technical interchange 
meetings (TIM). 
- Contract funding with Mittelman and Associates and Montana State University/Center 
for Biofilm Engineering on an antimicrobial survey. 
 
The consultation was separated into sections named Crew Health, System Performance, 
Component Life, Independent Assessments of Antimicrobials, Hardware Examination, Ground 
Support Equipment (GSE) Servicing Units, Other ISS Modules Issues, ITACS Equipment 
Interchangeability, and Collateral Issues. 
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4.0 Description of the Problem, Proposed Solutions, and Risk Assessment 
4.1 Problem 
The IATCS coolant exhibited unexpected chemical changes during the first year of on-orbit 
operation following the launch and activation in February 2001.  The coolant pH dropped from 
9.3 to below the minimum specification limit of 9.0, and re-equilibrated between 8.3 and 8.5.  
This drop in coolant pH was shown to be the result of permeation of CO2 from the cabin into the 
coolant via Teflon flexible hoses which created carbonic acid in the fluid.  This unexpected 
diffusion was the result of having a cabin CO2 partial pressure higher than the ground partial 
pressure (average 4.0 mmHg vs. <0.2 mmHg).  This drop in pH was followed by a concurrent 
increasing coolant nickel concentration.  No other metal ions were observed in the coolant and 
based on previous tests, the source of nickel ion was thought to be the boron nickel (BNi) braze 
intermetallics used in the construction of HXs and cold plates (refer to Figure 4-1).  Specifically, 
BNi2 braze alloy was used for the IATCS IFHX and BNi3 braze alloy was used for the IATCS 
Airlock Servicing and Performance Checkout Unit (SPCU) HX and cold plates (refer to Figures 
4-2 through 4-5).  Given the failure criticality of the HXs, a Corrosion Team was established by 
the IATCS CWG to determine the impact of the nickel corrosion on hardware performance life.  
Previous materials compatibility testing1 demonstrated that the most active material of all metals 
used in the IATCS construction was the silicon-rich intermetallic phase, which is found in most 
nickel-based braze alloys.  Corrosion testing, performed by the Corrosion Team, indicated that 
intermetallic-phase nickel, located mainly in the fillet regions of BNi2 and the fillets and 
surfaces of BNi3 braze alloys, was corroded by pH conditions lower than 9.5, while corrosion 
rates of the matrix phase of BNi2 and BNi3 were observed to be significantly slower.  Process 
differences between the hardware manufacturers resulted in different thicknesses of the corrosion 
resistant matrix phase, yielding significantly different performance life projections for the 
hardware.  Only the single-brazed BNi3 Airlock SPCU HX hardware has a predicted risk of not 
meeting the required 10-year performance life.  Data from the various test conditions indicate 
that the Airlock SPCU HX has a calculated performance life of 4 years to 21 years, based on 
varying test factors, degrees of conservatism, and other accelerated test assumptions. 
                                                 
1 Boeing D950-10389-1, dated December 1998 and D684-12001-02, dated August 2004 
NESC Request No. 04-018-E 
 NASA Engineering and Safety Center 
(NESC) Technical Consultation 
Position Paper 
Document #: 
RP-05-71 
Version: 
1.0 
Title: 
Technical Consultation of the International Space 
Station (ISS) Internal Active Thermal Control System 
(IATCS) Cooling Water Chemistry 
Page #: 
14 of 318 
 
 
Figure 4-1.  BNi3 Braze used in Construction of HXs and Cold Plates 
 
 
Figure 4-2.  Regenerative HX  Figure 4-3.  SPCU HX 
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Figure 4-4.  Typical Cold Plate 
 
 
 
 
Figure 4-5. Typical Cold Plate Construction Detail 
 
Another factor that could have affected the corrosion of nickel-based braze alloys was the initial 
IATCS coolant antimicrobial level.  Silver sulfate was included in the IATCS coolant as an 
antimicrobial, but was found to be effective for only short periods in reducing the microbial 
population because it galvanically plated out as silver onto metallic surfaces, making it 
unavailable for microbial control.  Silver sulfate was added several times to the IATCS coolant 
during system ground-based testing, resulting in multiple silver deposition episodes. Silver was 
added to the IATCS on-orbit in the form of silver phosphate in February 2002.  Limited 
qualitative beaker testing conducted at Hamilton Sundstrand (HS) using the original IATCS 
coolant composition showed that silver nodules would precipitate on the nickel braze alloy used 
in assembly of the HS-manufactured HX.  Galvanic reduction of silver from solution is coupled 
with the oxidation of nickel from the braze alloy, thereby adding nickel ions into solution.  
However, the nickel ion concentration has been observed to increase with time in the on-orbit 
IATCS loop, long after galvanic reactions should be complete.  There is concern that the 
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deposited silver nodules could be inducing galvanic-driven corrosion of the nickel braze 
surfaces, thereby contributing to the increasing dissolved nickel concentration observed in the 
on-orbit coolant.  The silver-induced galvanic corrosion of the nickel-based braze could also be 
enhanced with decreasing coolant pH. 
 
The initial increase in nickel ions in the coolant on-orbit is attributed to the rapid dissolution of 
the braze intermetallics when exposed to the reduced pH and potentially aggravated by the silver 
phosphate additions.  However, as the network of intermetallics is not fully interconnected, the 
nickel dissolution is limited to those intermetallics that are surface intersecting and exposed to 
the coolant.  General corrosion of the nickel matrix is expected, but at a much lower rate than 
that of the intermetallics.  The intermetallics are a limited reservoir dissolving at a rapid rate 
whereas the nickel matrix is a much larger reservoir dissolving at a limited rate.  Once the nickel 
level for a given pH exceeds the saturation level for a given nickel precipitate, precipitation 
occurs until a steady state is established.  It should be expected that additional precipitation is 
occurring at a rate driven by corrosion of the nickel matrix phase of the braze, as the reservoir of 
intermetallics has essentially been depleted. 
 
Measured nickel in the IATCS seems to be a small percentage of the values calculated as 
potentially available by HS and Honeywell.  The assumption made in these calculations was that 
the source of nickel was primarily the single braze cold plates.  Review of the subject 
calculations appear to show nickel prediction levels were primarily developed for sizing the 
proposed nickel removal assembly (NiRA) mechanism and, therefore, are extremely 
conservative with respect to predicting the mass of nickel available for precipitation. 
 
F-1. Coolant chemistry is methodically characterized from returned on-orbit samples and 
from periodic extractions from ground-based flight and development systems.  The 
protocols used are consistent with constituent characterization for other ISS and Space 
Shuttle water systems. 
 
4.2 Proposed Solution 
The ISS Program's initial action was to modify the coolant chemistry additions to the U.S. 
Laboratory and Node 2 that included the discontinued use of silver as an antimicrobial and 
elimination of phosphate additions to minimize further nickel precipitation.  In addition, the ISS 
Program's proposed long-term solution was to use the IATCS SPRT as a forum for coolant issues 
and proposed actions.  It was anticipated there would be a series of tests and analyses performed 
to quantify risk.  Some of these tests included: chemical/pH corrosion testing, nickel 
precipitation bench test and consultation/analyses, Microbiologically Influenced Corrosion 
(MIC) testing, and identification of recommended U.S. Laboratory hardware retrieval for 
destructive examination. 
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The CWG’s projected actions to mitigate the risk involve:  
 
– Development of trigger criteria for the addition of antimicrobial agents to U.S. 
Laboratory and Node 2.  
– Characterization of alternate antimicrobial(s).  
– Near-term antimicrobial selection (glutaraldehyde and/or hydrogen peroxide).  
– Mid-term antimicrobial selection.  
– Development and implementation of NiRA and PhosRA.  
– Restoration of the coolant pH to above 9.0 with the addition of borate/carbonate.   
These activities and others (as required) form the basis of the Coolant Management Plan. 
 
4.3 Risk Assessment 
The ISS Program Risk #4118, entitled IATCS Coolant Impact to System Integrity is identified as 
a 4 x 4 on the standard 5 x 5 risk matrix and is concerned with corrosion damage to the various 
ITACS components.   
 
The likelihood = 4 was listed as “can not prevent this event, but a different approach or process 
might”.  The rationale shown was: abatement plan offers several options for preventing this 
corrosion induced leakage event, from adjusting coolant chemistry to retarding the process, to 
increased frequency of component repair and replacement; and current program of testing and 
evaluation may conclude that probability is moderate-to-low. 
 
The Consequences = 4 annotated with “(technical) major reduction, but workarounds available”.  
The rationale includes: breach in IFHX would not be sudden and catastrophic; ammonia would 
be detected in the IATCS coolant as part of regular sample analysis and appropriate action 
taken (Flight Rule exists); leaking IFHX could be isolated, IATCS operated in Single Loop 
Mode, with some reduction in heat rejection capability, until IFHX replaced; and critical 
components susceptible to corrosion- induced leaks are replaceable (fluid connections either 
quick disconnect (QD) or Gamah fittings. 
ISS watch items associated with the ISS Program Risk #4118 includes:  
#5009, entitled Node 2 IATCS Coolant  • 
• #5118, entitled Airlock SPCU HX Failure   
These concerns are segregated from primary ISS Program Risk #4118 to allow emphasis on the 
ground processing of Node 2 and replacement of the single-brazed BNi3 SPCU HX with a 
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predicted corrosion life limit. 
5.0 Data Analysis 
5.1 Crew Health 
The determination of microbial risk to crew health is a complex assessment composed of several 
factors including the astronaut’s immune system, special conditions associated with flight that 
would affect the host-pathogen interaction, and the probability that the astronaut will be exposed 
to an infectious concentration of a medically significant organism.  While studies have 
demonstrated that, during flight, crew members may be more susceptible to infection and 
microorganisms may have altered characteristics, the primary characteristic for risk assessment 
remains the concentration and identity of microorganisms to which the crew are exposed. 
 
Specific to the IATCS, elevated microbial concentration may be occurring based on evaluations 
of returned flight samples.  However, the environmental microorganisms that have been 
identified, including Ralstonia paucula, are not considered medically significant under these 
conditions and do not pose more than a minimal risk to the crew’s health and safety.  Organisms 
with similar characteristics have been isolated in a variety of environmental locations including 
both the Orbiter and other ISS systems.  As with similar fluid systems, proper personal protective 
equipment, such as gloves and eye shields, are recommended during interactions to minimize 
potential exposures.  However, the decision to add an antimicrobial to the IATCS currently does 
not have a medical basis. 
 
From a microbial perspective, the IATCS is a dynamic system and microbial monitoring should 
continue to gain a better understanding of the microbial concentrations and constituents.  Also, 
quantification and identification techniques should be expanded beyond current methodologies.  
While several more comprehensive techniques, including molecular and fluorescent-based 
methods, can readily be accomplished at NASA laboratories, some development may be 
necessary.  For example, if data warrants precise enumeration or identification of flight sample 
organisms, modification or development of collection and/or analysis hardware would be 
necessary. 
 
If an antimicrobial is determined to be necessary for engineering concerns, or as an attempt to 
limit microbial levels, the potential toxicity of the disinfectant to the crew should be the initial 
selection criteria for screening candidates.  Leaks are possible either during the operation of the 
IATCS or during injection of a concentrated disinfectant into the IATCS.  Therefore, the use of 
any antimicrobial with known toxic properties, such as glutaraldehyde, is inadvisable without 
extensive characterization and remediation protocols, at least in non-emergency conditions.  If an 
emergency situation arises, such as the detection of increased levels of medically significant 
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microbes, the risk of toxicity versus that of infection on the crew may have to be evaluated to 
determine if such an antimicrobial is necessary.  During the selection of an antimicrobial for the 
IATCS, several safety factors should be considered including the risk of exposure during storage, 
exposure during introduction into the system, exposure during filter change out, and long-term 
exposure from leaks in the system.  For these exposure risks, spacecraft maximum allowable 
concentration (SMAC) values for each antimicrobial candidate should be located, generated, or 
estimated.  Finally, a methodology for antimicrobial detection and remediation should be 
developed before implementation aboard the ISS. 
 
F-2. To date, no identified microorganisms in on-orbit and ground-based IATCS coolants are 
considered medically significant under these conditions and, thus, none pose an 
increased risk to crew health and safety.  Current methodologies for enumeration and 
identification of microorganisms are adequate, but they could be updated to include 
fluorescent and molecular techniques if necessary. 
5.2 System Performance 
U.S. Laboratory system performance was examined from both the standpoint of the risks of no 
action and the risks of introducing a new variable (antimicrobial). 
 
The perceived risks of no action are seen as continued elevated microbial levels, the maturation 
of an established biofilm, and continued nickel precipitation.   There is no history of crew health 
concerns for non-potable water systems.  The development of a biofilm can reduce the flow 
cross-section of passages and develop an insulating layer on the heat transfer surfaces. Along 
with the deposition of inorganic precipitates, these effects could reduce HX performance through 
fouling, reduced heat transfer efficiency, and an increase in pressure across HXs, filters, gas 
traps, and pump assemblies.  Clogging of the passive filter and gas traps also could produce 
increased pressure differentials.  
 
The U.S. Laboratory IATCS performance history began with launch and activation in February 
2001.  This has been described in detail in Section 4.1, Problem, and summarized as follows:   
The coolant pH decreased from 9.3 to 8.3 due to the diffusion of the cabin 
atmosphere CO2 across permeable Teflon flexible hoses into the IATCS coolant.  
The microbial count was observed to steadily increase approaching 106 CFU per 
100 milliliter (mL).  Silver phosphate was introduced in February 2002 as an 
antimicrobial, but was effective for only short periods in reducing the CFU 
counts.   
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Concurrent with the increase in microbial counts, the nickel ion concentration was observed to 
increase with decreasing phosphate ion levels.  It was determined that the decreased pH caused 
increased corrosion of a nickel braze intermetallic used in the fabrication of various IATCS 
hardware.  At pH 8.3, free nickel ions combined with the phosphate ions to form crystalline 
nickel phosphate precipitate (nickel carbonate and hydroxide precipitates would also be expected 
to form if the pH is raised).  Significant quantities of nickel phosphate precipitates were found to 
have clogged the MTL filter.  It is suspected that nickel precipitates are also responsible for 
observed gas trap pressure fluctuations, QD leakage anomalies, and possibly a PPA malfunction.  
Most performance issues have been observed in the MTL.  These include development of large 
pressure differentials in the MTL filter and gas trap, resulting in the replacement of the filter in 
October 2002 and the gas trap in March 2003 (refer to Figure 5-1).  The MTL contains the 
majority of the fluid volume (200 L) in the IATCS, and it would be expected to generate the bulk 
of the nickel precipitates contributing to performance degradation. 
 
 
Figure 5-1.  IATCS Gas Trap and Filter Pressure History 
 
The status of the U.S. Laboratory IATCS performance appears to show no reduction in 
operational capacity at the current (minimal) thermal loads.  The coolant pH has stabilized at 8.4, 
and analyses of returned coolant samples have not identified any unique microorganism 
hazardous to crew health.  Only transient pressure changes have been observed in the MTL filter 
and gas trap, with no significant permanent pressure increases.  The LTL has not shown a 
pressure increase across the filter, but the gas trap has developed a gradual pressure increase over 
time. 
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Overall, the U.S. Laboratory coolant and system performance appears to have reached a steady 
state.  The microbial levels have stabilized at 106 CFU per 100 mL, and a majority of the 
precipitation appears to have occurred, as no additional changes of filters or gas traps have been 
necessary (refer to Figure 5-2). 
 
 
Figure 5-2.  U.S. Laboratory IATCS Fluid Chemistry History (up to 7S) 
 
The current risk of no action for the U.S. Laboratory on-orbit appears minimal or unclear.  Bio-
fouling does not currently appear to be a problem and nickel precipitate formation no longer 
appears to be a significant performance issue.  After initial precipitate formation and filter/gas 
trap change-out, the system appears to be at a steady state.  Reduced heat transfer at HX surfaces 
cannot be quantitatively ascertained as there is not a method for measuring heat extraction 
capacity.  There is no quantitative or qualitative mechanism for measuring the effects of biofilm 
or precipitates on HX performance.  Current operational load does not require full heat transfer 
capabilities of HX, so any losses under greater loads are unknown.  There is no method for 
determining current or future margin for HX capacity. 
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F-3. The U.S. Laboratory coolant and system performance appears to have reached a steady 
state.  The microbial levels have stabilized and a majority of the precipitation appears to 
have occurred, as no additional filter or gas trap changes have been necessary. 
F-4. There is no quantitative or qualitative method for measuring HX performance or 
assessing the deleterious effects on performance of biofilm or nickel precipitate 
formation, other than changes in flow pressure. 
The risks of action from the addition of an antimicrobial may include introduction of a crew 
toxin, disruption of coolant performance, and release of biofilm mass and entrained particulates.  
Some specific identified concerns with the addition of an antimicrobial are: crew exposures 
above short- and long-term SMAC levels, decreased coolant surface tension interfering with the 
gas trap operation, increased assimilable organic carbon (used by some microbes as a nutrient) 
for microbial growth, increased general or pitting corrosion, and renewed nickel precipitation. 
Investigations to date have not identified one antimicrobial that balances all of the desirable crew 
health characteristics (toxicity), IATCS performance (chemical/physical properties), component 
life (material compatibility), and effectiveness.  Glutaraldehyde has been established as the front-
runner from initial characterization, with hydrogen peroxide (as a sole antimicrobial agent not 
mixed with another species) being considered less favorably for further consideration due to 
material compatibility concerns.     
A review of published data2 on corrosion evaluation testing of glutaraldehyde and hydrogen 
peroxide indicates a positive hysteresis in Cyclic Potentiodynamic Polarization (CPP) 
characteristics for eight different IATCS materials of construction suggesting the potential for 
pitting corrosion, albeit at potentials well above those expected for the materials in any of the 
variants of IATCS coolant studied to date. The electrochemical potentials used in that study are 
more noble (positive) than the range anticipated for any of the construction materials in any of 
the IATCS coolant chemistries under discussion.  The materials compatibility requirement is that 
the proposed antimicrobial “must not adversely impact” the materials of construction.  Further 
laboratory testing at realistic potentials using the original set of antimicrobials, as well as the new 
ones identified in this report, will be needed before the suggested potential for pitting corrosion 
can be directly assessed against the materials compatibility requirement. 
 
                                                 
2 SAE International, 2004-01-2472, Selection of an Alternate Biocide for the ISS Internal Thermal Control System Coolant – 
Phase II 
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The absence of a set of specific requirements increases the complexity of the antimicrobial 
characterization and selection.  This may negate or complicate scheduling of planned efforts. 
The risk of a sudden catastrophic release of biomass from the biofilm in the U.S. Laboratory, 
based on the application of an antimicrobial agent, is viewed as not likely.  It is probable that a 
biofilm exists, but the introduction of an antimicrobial is expected to be gradual and the 
effectiveness is not expected to be instantaneous. The only scenario under discussion that might 
be capable of producing such an effect would be the sudden introduction of a massive dose of 
hydrogen peroxide, which could remove the biofilm from surfaces.  Moreover, several potential 
antimicrobials, including glutaraldehyde, would act to make the biofilm more resistant to 
removal rather than produce a biomass release.  
The risk to action appears indeterminate for antimicrobial addition due to the incomplete listing 
of measurable requirements for the IATCS containing modules under consideration and for the 
entire implementation and performance phases. 
 
F-5. There is no concise quantifiable list of requirements identified for the selection of an 
IATCS antimicrobial that spans the use range of storage, application, utilization, 
leakage, exposure, and remediation. 
6.0 Component Life 
In order for component life to be limited, corrosion damage must penetrate both the braze layer 
and the Corrosion Resistant Steel (CRES) 347 parting sheet material.  Both the braze layer and 
the parting sheet are multiphase materials with one phase being more susceptible to dissolution.  
Thus, selective phase attack in both layers is the likely failure mode.  The braze layer consists of 
a solid solution matrix phase and an intermetallic phase that is susceptible to corrosion at pH less 
than 9.  The CRES 347 consists of a solid solution matrix and grain boundaries that contain what 
appear to be chromium borides.  The CRES 347 matrix is highly corrosion resistant to the 
conditions of interest, whereas there is some question as to the susceptibility of the grain 
boundary regions to accelerated attack.  The intermetallic phase (identified as Ni6Si2B) is mostly 
observed on and near the outer surface of the braze layer, extending into the thickness of the 
braze.  The decoration of the grain boundaries is most intense near the braze/parting sheet 
interface because the braze is the source of boron. 
Only the components with single-braze BNi3 material are of concern as susceptible to 
penetration via selective phase corrosion of intermetallics. The processing of the BNi2 material 
produced a single-phase microstructure except at fillets.  Historically the ISS Program’s position 
has been that corrosion rates of the braze matrices of BNi2 and BNi3 in the IATCS (determined 
electrochemically) are low, but have been considered life-limiting given the thickness of the 
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braze layers, anticipated exposure times, and the assumption that the CRES 347 material 
provides no contribution to component life.  The airlock SPCU HX was the only component with 
a predicted life not meeting the required 10-year performance period and it has been replaced on 
the ISS.   
The analyses and the experiments supporting them concerning component life predictions do not 
take into account several factors that can greatly influence the data collected.  These factors and 
the assumptions used lead to component life predictions that are likely very conservative. 
With regard to the supporting experiments performed, corrosion rates of brazes were determined 
both electrochemically and via Scanning Electron Microscope (SEM) analyses of metallurgical 
cross-sections of samples exposed for long periods of time (up to over 400 days) to variants of 
IATCS, often at elevated temperatures.  Although both methods can provide useful information, 
there are limitations that must be taken into account.  Electrochemical determination of corrosion 
rates in low conductivity solutions such as the IATCS coolant (and deionized water (DI)) is 
difficult, as the high resistance of solution must be taken into account.  Such a correction does 
not appear to have been performed in the electrochemical studies conducted.  Nonetheless, 
electrochemical measurements are the tool of choice, particularly for situations in which low 
corrosion rates are expected.  The use of SEM examination of cross-sections for corrosion rate 
analysis is not optimal.  Lack of a reference for the surface topographies combined with the low 
corrosion rates make measurements susceptible to large errors, especially in overestimation of 
attack depths.  Artifacts developed during preparation of metallurgical cross-sections are possible 
and likely the source of some of the observed damage.  Long-term exposures show that very 
little corrosion is seen with corrosion rates dropping with time. 
The analyses of expected component life, including the data developed in the corrosion studies 
supporting the IATCS, do not consider the deceleration of corrosion rates with time normally 
observed.  In addition, the cyclic potentiodynamic polarization (CPP) data are interpreted as 
indicative of localized corrosion susceptibility of brazes in a wide variety of IATCS variants, 
including those containing proposed antimicrobials.  Interpretation was based on existence of 
positive hysteresis in CPP and post-CPP examination of surfaces, but the “pitting potentials” are 
hundreds of millivolt (mV) above the Ecorr (corrosion potential) expected in the IATCS and many 
“pitting potentials” are above the oxygen evolution potential.  Such potentials are completely 
irrelevant to practice because it is highly unlikely that the naturally developed Ecorr of the system 
will rise that high. Damage observed in surface micrographs taken after the CPP tests was most 
likely caused by the acid generated at the high potentials due to the oxidation of water at the 
surface that creates molecular oxygen and hydronium ions.  Modern interpretation of localized 
corrosion susceptibility compares the repassivation potential to the long-term open circuit 
corrosion potential.  If the repassivation potential is far more positive, the likelihood of stabilized 
localized corrosion is very small.  This approach was pioneered during development of corrosion 
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prediction models for storage of high-level nuclear waste and has been validated out to several 
years. 
Current service-life predictions assume that the CRES 347 is sensitized throughout its thickness 
and that the IATCS solution is sufficiently aggressive to render the parting sheet ineffective as a 
barrier. Corrosion-resistant alloys such as CRES 347 can have metallurgical phases that are 
susceptible to localized dissolution.  One example is intergranular corrosion (IGC) in which 
chromium-containing compounds form at grain boundaries, leaving the surrounding regions 
devoid of the alloying element that provides the corrosion resistance.  When sufficient 
precipitation occurs (due to sufficient time at a temperature where the chromium-bearing 
compounds are insoluble), an interconnected network of sensitized grain boundaries is formed 
that links one side of the material to the other.  IGC requires both a susceptible microstructure 
and appropriate environmental conditions (solution composition and temperature).  That is, 
sensitization is a necessary, but not sufficient, condition for service-life limiting IGC.  The 
degree of sensitization can be determined quantitatively using American Society for Testing and 
Materials (ASTM) standardized methods.  The IATCS solution composition is quite benign with 
respect to localized corrosion of stainless steel: a very low chloride concentration, a mildly 
alkaline to alkaline pH, and a large excess of non-chloride ions (which act to inhibit localized 
corrosion).  IGC of sensitized stainless steels typically occurs in oxidizing solutions containing 
substantial chloride ion concentrations. 
The susceptibility of sensitized CRES 347 to IGC has not been verified under the IATCS coolant 
conditions.  The assumption of susceptibility leads to artificially-shortened life predictions as no 
credit is taken for presence of the stainless steel parting sheet.  The microstructures in cross-
sections shown in the Boeing Assessment Report (refer to Appendix D of this report), in which 
grain boundaries are decorated, were created by standard metallographic methods (oxalic acid 
etching) that do not directly correlate to susceptibility in other environments.  ASTM Method G-
108 has been shown to quantify the susceptibility of stainless steels to IGC in actual 
environments (e.g., boiling water nuclear reactors).  The actual susceptibility of the CRES 347 
should be determined under realistic IATCS coolant conditions. 
 
Penetration of brazed IATCS components, via selective braze area attack and IGC of the CRES 
347 parting sheet, would require a through thickness interconnected network of braze 
intermetallics connected to a sensitized CRES 347 grain boundary that transverses the parting 
sheet.  Microstructure and SEM examination of BNi3 braze samples on the CRES parting sheet 
material do not show this total through thickness intermetallic/sensitized grain boundary 
condition.  Braze intermetallic corrosion is limited to those locations that are surface-
intersecting.  The degree of sensitization in the CRES 347 is a gradient with the maximum at the 
braze/parting sheet interface. Based on the analyses of precipitates formed in the long-term 
corrosion exposures, it appears that the most likely situation is that the majority of the exposed 
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intermetallics have corroded out from the braze due to the extended time at the decreased pH.  In 
the analyses of those precipitates, as well as those from the failed gas trap, the ratio of nickel to 
phosphorus was close to that expected for stoichiometric dissolution of the intermetallics, with 
no iron or chromium levels detected.  If substantial dissolution of the braze matrix had occurred, 
one would expect levels of nickel in the precipitate above that of the intermetallic stoichiometry.  
The absence of iron and chromium support the idea that no or little damage has reached 
sufficiently sensitized grain boundaries of the CRES 347. 
 
MIC is currently perceived as an issue with no direct corrosion testing to support the concern.  It 
persists as a general concern due to the high microbial counts in the U.S. Laboratory IATCS 
coolant.  The commonly theorized initiation sites for MIC are the cavities produced by the 
corrosion of the intermetallics where sulfate reducing bacteria (SRB) could grow.  The risks of 
MIC to crew safety and system performance are the same as those cited above for general and 
localized corrosion.  However, there is no direct laboratory testing evidence that MIC has 
occurred to date.  The destructive examination of returned U.S. Laboratory hardware may allow 
more rationalization of the MIC concern.  This discussion is presented in Section 11.0, Collateral 
Issues. 
 
F-6. The overall corrosion rates used in the component life analyses are based on the braze 
matrix minimum thickness and its corrosion rate measured from long-term exposures.  
No contribution to component life is considered from the partially sensitized CRES 347.  
This approach of utilizing only the braze matrix corrosion rate provides a very 
conservative estimate of component life even considering the potential for MIC. 
7.0 Independent Assessments of Antimicrobials 
In an effort to expand the knowledge-base beyond the SPRT team members, contracts were 
awarded to Mittelman and Associates (Braintree, MA) and Montana State University (Bozeman, 
MT) by the ISS Program and the NESC.  The objective was to solicit additional independent 
input to potential antimicrobials for use in the IATCS.  The narrative sections of their reports are 
located in Appendices A and B of this report. 
7.1 Mittelman and Associates 
In summary, Mittelman and Associates reviewed the IATCS requirements and assessed the 
potential individual use of fifteen (15) antimicrobials.  Their assessment included a numerical 
scoring system to quantify their choice.  Scoring was based on several characteristics including 
safety, material compatibility, antimicrobial efficacy, IATCS chemistry compatibility, stability, 
and industrial experience with the compound.  Based on total point scores, the antimicrobials 
were grouped into four tiers, with glutaraldehyde and isothiazolones obtaining the highest scores.  
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The second tier included chlorhexidine, ozone, orthophthalaldehyde, and peracetic acid. The 
numerical score differences between the antimicrobials in the first and second tiers were not 
appreciable and were considered as one grouping. The remaining antimicrobial choices were 
considered less suitable for IATCS use. 
 
Mittelman and Associates recommended investigation of the following emerging microbial 
treatment technologies.   
Reduction of Coolant Water Activity  – 
– 
– 
– 
– 
– 
Application of Titanium-doped Nitrogen Oxides  
Radio Frequency Dosing  
Application of Cationic Polymers  
Gamma Irradiation  
Application of Ethylenediamine Tetraacetic Acid (EDTA) 
 
Mittelman and Associates also stressed the need for an investigation into methods of residual 
chemical inactivation in the event of an inadvertent release of the antimicrobial chemical aboard 
the ISS.  They recommended that candidate antimicrobials should be evaluated based on their 
efficacy against bacteria both in solution and in biofilms.  An evaluation of dosing schedules and 
antimicrobials in combination was cited as potentially beneficial, as well as the investigation of 
non-aqueous cooling fluids. 
7.2 Montana State University 
In summary, the consulting group at Montana State University provided a qualitative assessment 
of antimicrobials and their potential for use.  They felt they could not quantitatively rank agents 
for application until more information was gathered concerning the specific characteristics and 
operation of the IATCS.  In order of priority, they felt the criteria for selection of the 
antimicrobial should be:  
 
– Toxicological Assessment  
– Material and Chemical Compatibility  
– Antimicrobial Efficiency   
 
The group felt that antimicrobials used in combination could help to lower the overall 
concentrations needed for antimicrobial efficiency. This could be an important advantage in 
mitigating toxicological and crew health issues. 
 
NESC Request No. 04-018-E 
 NASA Engineering and Safety Center 
(NESC) Technical Consultation 
Position Paper 
Document #: 
RP-05-71 
Version: 
1.0 
Title: 
Technical Consultation of the International Space 
Station (ISS) Internal Active Thermal Control System 
(IATCS) Cooling Water Chemistry 
Page #: 
28 of 318 
 
The Montana State group stressed the need for ground-based studies before application on the 
IATCS.  They believed the need for remedial action on the IATCS in its present status is 
balanced by the potential harm that could be caused by the remediation process itself.  Potential 
negative factors include both engineering complications, such as system blockage, and crew 
health issues from the addition of toxic compounds.  They stressed the need to address the root 
cause(s) of the microbial growth and to try to return coolant chemistry to its original state. 
 
Their assessment focused away from organic antimicrobials as these agents, or their breakdown 
products, have the potential to add carbon sources to the IATCS fluid, which could promote 
additional microbial growth.  They also advised against antimicrobial compounds containing 
chlorine or phosphorous, since these may have material incompatibility and additional pH 
suppression issues.  While they feel more data needs to be gathered, their initial 
recommendations included hydrogen peroxide, iodine, silver, a combination of hydrogen 
peroxide and silver, or a combination of iodine and silver. 
7.3 NESC Assessment 
The Mittelman and Associates and Montana State University assessments provided some 
direction for antimicrobial selection, although differences in their professional opinions resulted 
in no single antimicrobial being selected by both groups.  
 
After review of the recommended antimicrobials and their evaluations by the two independent 
organizations, the NESC team identified the following compounds/combinations for 
investigation in order of preference:  
- Iodine 
- Iodine/Silver 
- Hydrogen Peroxide/Silver 
- Silver on a ceramic bed matrix 
- Orthophthalaldehyde 
- Isothiazolones 
- Chlorhexidine 
 
Specific considerations were used in the evaluation of these compounds including a hesitancy to 
use organic antimicrobials, as these could increase TOC in the IATCS fluid and act as a nutrient 
source for microorganisms.  Inorganic antimicrobials were generally considered more 
acceptable, although material compatibility issues would need to be resolved before selection.  
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These evaluation factors are considered qualitative and subjective based on information 
presented by Mittelman and Associates and Montana State University in combination with 
IATCS knowledge, associated research, and prior experience.  However, no specific and 
quantifiable requirements were identified to provide a more definitive list of antimicrobials for 
additional characterization or selection.   
 
Iodine was chosen as a practical alternative for investigation based on prior use in NASA 
spacecraft, limited toxicological hazards, and established mechanisms for addition into 
spacecraft fluid systems.  Questions remain as to its efficacy above pH 9.0 and material 
compatibility with all materials in the IATCS.   
 
Silver, in some forms, has been attempted in the IATCS and was used in Mir and in the ISS 
Service Module potable water systems. The consultation team and one of the independent 
assessments agree that either in combination with hydrogen peroxide or iodine, or as a solid on a 
ceramic bed matrix. Silver still has the potential for IATCS disinfection in much lower 
concentrations than have been used in the past.    
 
Orthophthalaldehyde is organic, but has disinfectant qualities worth investigating.  It is an 
aldehyde, similar to glutaraldehyde, but it is reported as having a lower vapor pressure and less 
toxicity according to limited toxicological investigations.   
 
Hydrogen peroxide is an excellent disinfectant with the capability of disrupting biofilms that 
have already formed.  This disruptive capability may provide some advantage in cleaning up 
ground-based systems, such as Node 2 prior to flight or the GSE.  For this same reason, however, 
strong hydrogen peroxide solutions should not be used in the U.S. Laboratory on-orbit where 
disruption of existing biofilms could cause problems with clogging filters and gas traps. 
Hydrogen peroxide can be hazardous in a concentrated form, but has the advantage of producing 
no toxic residual.  As a strong oxidant, it suffers from a short life as a disinfectant.  For this 
reason, it may have better use in combination with another disinfectant such as silver.  
Combinations such as this may provide some synergistic benefit, enabling the use of decreased 
concentrations of the components.   
 
Both isothiazolones and chlorhexidine are excellent disinfectants that could be used in this 
application. However, they contain chlorine in their chemical makeup, which would decrease 
their material compatibility.  Finally, glutaraldehyde was omitted from the list of new candidates 
due to its current level of characterization and its relatively high toxicity. 
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8.0 Hardware Examination 
To date no retrieved hardware has been available for destructive examination due to the limited 
down mass allocation in the Russian Soyuz vehicle and the interrupted flights of the Space 
Shuttle after the STS-107 accident.  However, the return of STS-114, currently scheduled for 
July 2005, is manifested with the return of the SPCU HX, a failed PPA, a Teflon flex hose, 
filters, and a malfunctioning Common Cabin Air Assembly (CCAA) HX.   Planning is underway 
in developing a recommendation for comprehensive dissection and characterization of each 
component.  However, these plans may not be adequate considering data prioritization. 
 
Each IATCS component has unique configuration attributes and limitations for data extraction.  
As an example, the PPA to be examined will have been isolated from the coolant loop for more 
than 12 months with a finite volume of stagnant coolant.  The microbial characteristics of this 
component would not be representative of the entire IATCS.  Therefore, it is appropriate to 
establish a set of primary and secondary objectives for each component scheduled for return.  
The primary objectives would be to establish the minimum data needed to determine future 
actions.   The secondary objectives would be the confirmation of primary objective information 
from other hardware or for engineering information. Table 8-1 shows suggested primary and 
secondary objectives for the identified hardware schedule for the return of STS-114. 
 
F-7. Hardware dissection planning does not appear to be based on clear data extraction 
objectives. 
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Table 8-1.  Identified Hardware and Primary/Secondary Objectives  
for Return of STS-114 
Hardware 
ID 
Primary Objectives Secondary Objectives 
SPCU HX 
 
- Braze corrosion characterization in IATCS and two 
Extravehicular Mobility Unit (EMU) loops evaluating 
general corrosion, pitting, IGC, and microbial/pitting. 
- EMU particulate (rust) source identification and 
characterization. 
- Biofilm characterization including speciation, 
thickness, and coverage for potential component life 
assessment modifications and heat transfer 
predictions. 
- Metallurgical characterization of the braze 
components exposed to the IATCS loop. 
- Particulate characterization including 
chemistry, size, shape, and quantity. 
- IATCS and EMU coolant chemistry with 
recognition that the delay from hardware 
removal to retrieval minimizes conclusions 
drawn from this information. 
 
PPA 
 
- Pump anomaly determination, including: 
- Particulate characterization including chemistry, 
size, shape, and quantity 
 
Depending on pump anomaly root cause: 
- IATCS and EMU coolant chemistry with 
recognition that the delay from hardware 
removal to retrieval minimizes conclusions 
drawn from this information. 
- Biofilm characterization including 
speciation, thickness, and coverage for 
potential component life assessment 
modifications and heat transfer predictions.  
As with the coolant chemistry, the delay 
from hardware removal to retrieval 
marginalizes any conclusions obtained.  
Flex hose - Biofilm characterization including speciation, 
thickness, and coverage for potential component life 
assessment modifications and heat transfer 
predictions. 
- Material property and configuration to 
examine Teflon material property loss and 
surface roughness changes. 
Filters 
 
- Particulate characterization including chemistry, size, 
shape, and quantity. 
- Filter physical characteristics.  
CCAA 
HX 
 
- Braze corrosion characterization in the IATCS loop to 
examine general, pitting, and microbial/pitting.  Delay 
from hardware removal to retrieval and dissection 
emphasis on air loop minimizes conclusions drawn 
from information. 
- Metallurgical characterization of the braze 
components exposed to the IATCS loop. 
None. 
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9.0 Ground Support Equipment (GSE) Servicing Units 
GSE servicing units are used periodically in the servicing of Node 2 hardware to circulate 
IATCS coolant and to provide functional checkout.  The servicing units are maintained and 
controlled by KSC operations personnel and are required to obtain approval from the SPRT for 
any configuration changes that may affect the IATCS.  However, the coolant used in the 
servicing units adheres to the chemistry identified in SSP 30573, Revision B, which specifies 
silver sulfate and di- or tri-sodium phosphate, whereas the Node 2 IATCS coolant chemistry was 
purposely formulated without silver and phosphorous.  Finally, the servicing unit coolant is not 
routinely checked for microorganism levels.  During the most recent coolant extraction of Node 
2, the servicing unit was checked for microorganism levels prior to being connected to Node 2.  
It was determined that prior to servicing, Node 2 had CFU levels lower than the servicing unit.  
However, as was expected, after servicing, the CFU levels of both Node 2 and the GSE unit were 
measured at the elevated levels seen in the GSE unit prior to coolant intermingling.  Following 
this exposure, actions have been implemented to minimize future cross-contamination risks.  
Examples of these procedure changes to the servicing units include recurring microbial 
monitoring, the installation of 0.2 micron filters, and periodic disinfections.  The microbial 
measurement and disinfectant intervals have not been established and matched to IATCS 
requirements.  
 
F-8. The coolant chemistry used in the servicing units is not representative of the coolant 
selected for Node 2.  Periodic servicing has the potential for introducing silver and 
phosphorous to the Node 2 IATCS. 
F-9. The microorganism levels are not controlled in the servicing units and, in at least one 
case, resulted in the introduction of additional microbial counts to the Node 2 IATCS. 
10.0 Other ISS Modules Issues 
Although not specifically within the scope of this consultation effort, consideration of the other 
ISS modules containing IATCSs should be discussed. These include the completed European 
Space Administration (ESA) Columbus Orbital Facility (COF) and the Japanese Aerospace 
Exploration Agency (JAXA) Japanese Experimental Module (JEM) Pressurized Module and the 
under construction Node 3.  The COF and JEM have been reported to currently contain DI water 
and nominal coolant, SSP 30573, Revision B, respectively.  The materials of construction for the 
COF and JEM are not specifically known, but are assumed to be similar with respect to the U.S. 
Laboratory and Node 2 HX and cold plate construction.  It was also reported that their coolant 
chemistries are not routinely monitored for microorganism or for metal ions levels.   
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It appears ESA and JAXA are monitoring NASA’s investigations and are awaiting the U.S. 
Laboratory and Node 2 proposed coolant chemistry/IATCS modifications.  However, there does 
not appear to be a clear avenue of technical interchange between the various space Agencies.  If 
ESA and JAXA are maintaining a reactive posture, corrosion and/or microbial growth are likely 
occurring in their IATCSs.  
 
F-10. There does not appear to be an integrated exchange of technical information with the 
other space Agencies on the cause and corrective actions associated with the observed 
IATCS corrosion and microbial growth. 
 
10.1 IATCS Equipment Interchangeability 
The ISS equipment bays and racks are designed for interchangeability and to accommodate 
experiment upgrade and replacement.  The potential for hardware introduction or migration 
necessitates consideration of IATCS coolant mingling from both chemical and microbiological 
points of view.  As it is not considered practical to drain and replenish the equipment being 
transferred on-orbit, consideration needs to be given to development of a protocol for the 
eventuality of equipment interchanges. 
 
As the coolant volume contained in one experiment cold plate or rack is a limited percentage of 
the IATCS capacity, chemical issues for coolant mingling can be approached from 
mass/contaminate balance calculations, interface pretreatment regiments, and/or crew hygiene 
protocols.  The maximum allowable rack coolant quantity is 6.9 L for the MTL and 3.4 L for the 
LTL pursuant SSP 57001, Revision G.  If it is assumed the rack volume is greater than that of a 
cold plate, then the rack coolant percentages with respect to the MTL and LTL are 3.5 and 5.4%, 
respectively. 
 
Assuming the coolant chemistry of the migrating hardware and the receiving IATCS is known, 
simple mass/contaminant balance calculations could be performed to assess the impact.  These 
calculations would be assessed against toxicity, chemistry specification limits, and material 
compatibility to ensure no exposure or performance issues are identified.  Passing this 
evaluation, the equipment migration could proceed.  An extreme test case for this approach is the 
utilization of the GSE servicing unit to Node 2.  Although the volume of the servicing unit is 
approximately the same as the ITACS (265 L), the effect of combining the two systems could be 
predicted with mass/contaminate balance calculations.  
 
Microbiological contamination issues cannot be approached by the same type of mass/ 
contaminate balance calculations because they do not scale according to relative concentrations 
and volumes. Given favorable growth conditions, unacceptable microbial counts can develop 
NESC Request No. 04-018-E 
 NASA Engineering and Safety Center 
(NESC) Technical Consultation 
Position Paper 
Document #: 
RP-05-71 
Version: 
1.0 
Title: 
Technical Consultation of the International Space 
Station (ISS) Internal Active Thermal Control System 
(IATCS) Cooling Water Chemistry 
Page #: 
34 of 318 
 
from a single organism. A separate set of criteria needs to be developed for handling microbial 
issues related to equipment changes and exchanges. These criteria need to consider compatibility 
of various antimicrobials as well as dangers to crew health, system performance, and component 
life. 
 
If chemical or microbiological concerns exist on mingling coolant to or from a lower quality 
coolant loop, development of an inlet or outlet pre-treatment mechanism would be required.  The 
capacity of an equipment inlet system would need to be larger than that of an outlet system, as it 
would be treating the entire coolant volume versus just the equipment or rack coolant volume on 
an outlet system. 
 
In all cases, hygiene protocol would be required to protect the crew from potential toxin 
exposure as well as minimization of microorganism introduction to the IATCS.  This protocol 
would include crew training on potential risks, personal protective equipment, and remediation 
equipment.  A conceptual evaluation flow for addressing chemical issues is illustrated in Figure 
10-1.  A similar evaluation flow could be used for microbiological issues, except that the 
acceptance criteria would be different.  
 
 
Figure 10-1.  Conceptual Coolant Intermingling Evaluation Flow 
 
F-11. There are no equipment and rack change-out protocols to prevent chemical or 
microbiological problems arising from intermingling of coolant between different IATCS 
units. 
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11.0 Collateral Issues 
This section includes a discussion of issues that were beyond the scope of the current NESC task, 
but should be addressed.  Collateral recommendations are provided in Section 11.8. 
11.1 Glutaraldehyde Toxicity Assessment 
In June 2004, Jay Perry3 conducted an engineering assessment to fully understand the 
Environmental Control and Life Support (ECLS) system-related impacts associated with 
changing the IATCS antimicrobial additive from silver to glutaraldehyde (refer to Appendix C).  
This analysis examined the current ability of the active contamination control system on board 
the ISS trace contaminant control subsystem (TCCS) to control glutaraldehyde contamination 
levels in the cabin atmosphere to below 180-day spacecraft maximum allowable concentration 
(SMAC) values.  The ability to effectively remove glutaraldehyde from the ISS cabin 
atmosphere was also determined for the scenario in which the TCCS glutaraldehyde removal was 
assisted by humidity condensate absorption (via CCAA and SKV heat exchangers), and by 
contamination control equipment (BMP) in the Russian On-orbit Segment (ROS).  For the 
analyses involving humidity condensate absorption, specified limits for glutaraldehyde 
contamination of the condensate were taken into consideration.  Potential sources of 
glutaraldehyde contamination in the cabin atmosphere that were considered included spills of 
stock solutions and coolant leaks within the allowable specification limits. 
 
This analysis concluded that the TCCS on board the ISS alone is not capable of accommodating 
leaks of glutaraldehyde containing IATCS fluid at the system specified leak limits, regardless of 
the glutaraldehyde concentration.  However, a combination of ECLS trace contaminant control 
and glutaraldehyde absorption by water processing systems could accommodate IATCS fluid 
concentrations of <25 mg/liter glutaraldehyde, without exceeding either the SMAC limits or the 
humidity condensate contamination limits.  The analysis also concluded that any decision by the 
ISS Program to use glutaraldehyde as a antimicrobial additive to the IATCS fluid in the United 
States On-orbit Segment (USOS) must be reviewed by the International Partners within the 
Common Environments Team forum, since fugitive glutaraldehyde emissions in the common 
cabin environment would impact contamination control equipment on board the ROS. 
The Boeing analysis of ISS glutaraldehyde scrub capacity (Appendix D) examined the ability of 
various combinations of the TCCS, BMP, CCAA, and SKV systems to control both specified 
and nominal leak rates of IATCS fluid containing 50 ppm of glutaraldehyde.  Boeing carried out 
this evaluation for the ISS in its current configuration, as well as for its assembly complete 
configuration.  This analysis found that a 50 ppm glutaraldehyde concentration in the IATCS 
                                                 
3 Senior Engineer, ISS Air Quality Control Systems, Environmental Control and Life Support Group 
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fluid produced a cabin atmosphere that could not be controlled using any combination of the 
TCCS or BMP contamination control systems.  The assembly complete configuration was also 
found to be significantly less forgiving than the current configuration with regards to effective 
glutaraldehyde removal.  The calculations showed that cabin air contamination could not 
generally be controlled below the 180-day SMAC limits for the assembly complete configuration 
unless all of the scrubbing hardware was actively functioning and, even then, control was 
marginal.   
A memorandum prepared by Martin E. Coleman4 to assess the differences between 
glutaraldehyde and orthophthaldehyde, reported that glutaraldehyde could be considered 
relatively non-hazardous if spills of coolant (comprised of a highly dilute glutaraldehyde 
solution) are collected and neutralized by the ISS crew before significant evaporation of water 
occurs (refer to Appendix F).  However, if a delay should occur due to the inability to detect the 
coolant leak/spill, then the concentration of glutaraldehyde would increase, creating a crew 
toxicological hazard.  Because there is a significant probability that such an undetected leak/spill 
could occur, and because the on-orbit contamination control systems do not appear to be 
adequate for controlling glutaraldehyde contamination from IATCS fluid leaks, it is believed that 
glutaraldehyde should not be considered for on-orbit use at this time.  Furthermore, additional 
studies would be necessary before glutaraldehyde could be considered for use as an on-orbit 
emergency antimicrobial. 
11.2 Borate/Carbonate Buffer Additions 
The purpose of the borate/carbonate buffer additions is to increase the pH of the IATCS coolant 
back to the nominal initial value.  The increased pH would slow the rate of subsequent corrosion 
and inhibit microbe growth.  The increased pH would result in any free nickel precipitating as 
nickel hydroxide and/or nickel carbonate, so the borate/carbonate additions would have to be 
preceded by implementation of NiRA to remove free nickel ions in solution.  
 
Concerns with this approach follow generally from the admonitions in the Global 
Recommendations (Section 12.1) to proceed with caution as to do no harm, and act only when 
necessary.  Insufficient testing has currently been performed to determine the effects of 
borate/carbonate additions on coolant chemistry and materials compatibility issues.  Several 
years of involvement with IATCS coolant chemistry issues have demonstrated that it is virtually 
impossible to model what could occur on-orbit when the system is undergoing relatively slow 
changes, much less if numerous rapid changes are initiated to the apparent current steady state.   
                                                 
4 Wyle Toxicology Consultant, mecoleman33@sbeglobal.net 
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11.3 Node 2 Antimicrobial Implementation 
The concerns of implementing an antimicrobial agent on Node 2 may be less than 
implementation in an on-orbit IATCS.  This is because an effective, but potentially toxic agent, 
used to preclude microbial growth and biofilm formation during ground storage/operation, could 
then be removed or neutralized before launching.  As such, using glutaraldehyde with a 
concentration of >100 ppm (to achieve the minimum lethal concentration) during ground storage 
is feasible if verification of complete remediation can be assured prior to flight.  However, it is 
not clear that the introduction of an antimicrobial to the Node 2 IATCS is warranted at this time 
based on the measured CFU levels.  The microbial levels are significantly lower than U.S. 
Laboratory and have not shown a trend towards rapid increases. It should be cautioned that the 
use of glutaraldehyde (or any organic-based antimicrobial) will impact the ability to interpret 
measured data on TOC levels and trends. 
11.4 Nickel Removal Assembly (NiRA) and Phosphorous Removal Assembly (PhosRA) 
Characterization and Implementation 
While at Alenia, Node 2 experienced a number of DI water flushes.  Then, it was shipped to 
KSC with DI water that was maintained for approximately six months (while at KSC).  The 
amount of nickel leaching during that period is unknown, but may have been substantial since 
the pH of DI water is 6; whereas the pH of the on-orbit coolant ranges from 9.3 to 8.3.  No 
comprehensive coolant chemistry records are available to assess the amount of nickel removed.  
Much of the nickel available in the braze intermetallics may have leached out during the period 
of DI water exposure.  The application of a NiRA may not be necessary as the Node 2 IATCS 
was subsequently flushed, presumably removing the majority of the nickel ions. 
 
With regard to the use of NiRA and PhosRA on-orbit, there are significant concerns.  Recent 
bench test data have shown that even after multiple, extended applications of NiRA, some 
dissolved nickel remains in the solution.  This implies that NiRA would have to be placed in 
contact with the coolant for periods significantly longer than initially predicted.  There has been 
no data obtained on the effects of exposing the coolant to NiRA for this long and concerns, such 
as the predilection of the NiRA for acting as a microbial growth bed, have not been addressed.  
In addition, insufficient testing of the NiRA at higher pH (specifically its ability to remove nickel 
hydroxide) has not been conducted. 
11.5 Corrosion Sensing Equipment for Ground-Based Systems 
Corrosion sensing equipment has been tested in the laboratory for its ability to measure general 
corrosion rates of materials of interest in the IATCS.  It should be noted that none of the 
corrosion sensing equipment being considered measures the corrosion rate of the actual structure.  
Instead, the equipment measures the corrosivity of the coolant towards the materials of interest 
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(e.g., the BNi3 matrix material) via measurement of the polarization resistance (Rp) of a suitable 
probe.  Rp has been shown both theoretically and experimentally to be inversely proportional to 
the uniform corrosion rate of metallic materials via a proportionality constant known as B.  The 
electro-chemical identification and monitoring of localized corrosion (i.e., pitting of the braze or 
IGC of the CRES 347) is much more difficult, although some progress has been made lately. 
The applicability of the corrosivity measurements to the IATCS structure is determined by the 
ability to produce sensors, or probes, that mimic the material of interest as well as its surface 
condition.  The complex metallurgical microstructure of the braze as well as the unique history 
of coolant chemistries of U.S. Laboratory and Node 2 represent substantial barriers to achieving 
the level of replication required to use the data for highly accurate service life prediction.  
Instead, the best use of this technology is for the determination of how changes in coolant 
chemical composition affect the corrosion rate of a particular material that is mounted in the 
sensor.  In addition, the effects of surface condition of the materials of interest can be probed by, 
for example, adding Braycote grease to the coolant, removal of surface-intersecting 
intermetallics in the BNi3, or encouraging a biofilm to develop.  At present, conclusions 
regarding the effects of such surface conditions and changes are based primarily on insufficient 
objective evidence.  In addition, the corrosion rates of the materials of interest can be determined 
as a function of time, which will improve life prediction estimates that assume a constant 
corrosion rate. 
The low corrosion rates expected and the low conductivity of the IATCS coolant represent 
challenges to corrosion rate measurement.  There are a number of commercial systems available 
with equivalent ability to measure the uniform corrosion rate with the Rp technique.  In making 
such measurements it is important to be sure that the measured Rp value has been corrected for 
the ohmic resistance of the IATCS coolant. Failure to correct for this resistance can lead to 
substantial underestimation of the corrosion rate.  The Rp equipment tested to date by the ISS 
Program, the SmartCet® system, did not correct for ohmic resistance during the trial, although it 
purports to be able to do so.  The correction of corrosion rates determined via the Rp for 
variations in the B value (as done by the SmartCet® system) is of little technical consequence.  
Over the range of technically reasonable values for B, the corrosion rate changes by, at most, a 
factor of three, and most likely in the range of 10-30%.   
As mentioned, the monitoring of localized corrosion is challenging.  In addition, it is not possible 
to determine that corrosion has been caused or influenced by microbes using electrochemical 
methods alone. It is only possible to directly monitor MIC when cause and effect between 
corrosion and the microbes has already been independently established using a multitude of 
electrochemical, metallurgical, and biological techniques.   
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Two systems are being considered by the ISS Program for monitoring of localized corrosion of 
the braze – the SmartCet® system by InterCorr and the Multi-electrode Array Sensor System 
(MASS), developed at Southwest Research Institute.  The pitting factor (PF) that SmartCet® 
purports to use to detect localized corrosion is not proven.  The theory behind the PF is not 
developed sufficiently and the literature presents cases where it fails.  For use in any given 
system, the PF must be corroborated by damage observed on the test electrode at the end of the 
test.  Even with this precaution, the PF should not be overly emphasized as it will not be possible 
to relate the time course of pitting on the sample to the measured PF given the long exposure 
time.  The MASS has been proven effective in monitoring localized corrosion in some chemical 
plant applications.  Significant development effort will be needed to determine an appropriate 
design and fabrication of MASS electrodes representing the brazed IATCS hardware.  Thus, the 
two sensors are complementary in that SmartCet® provides an average corrosion rate over a 
large area, while the MASS provides a better measure of localized corrosion because of the use 
of multiple, smaller sensors. 
Use of these sensors for quantitative monitoring of the corrosion rates of structures in Node 2 or 
U.S. Laboratory is not recommended due to the challenges in reproducing the surface conditions 
currently present on those structures due to previous corrosion, biofilm development, and the 
unique history of Node 2 and U.S. Laboratory (i.e., contamination of surfaces with Braycote 
grease). 
 
The most useful information gained from the application of corrosion monitors would come from 
carefully controlled experiments where the conditions of surface preparation and coolant 
composition have been well-defined.  When using Faraday's Law5 of Electrolysis to extract 
penetration rates from the measured corrosion current densities, verification of these corrosion 
rates should be obtained through visual inspection of samples and, if possible, the determination 
of nickel ion concentration in the coolant. 
11.6 Long-Term Antimicrobial Development 
Continued long-term antimicrobial development is recommended. Current candidates such as 
glutaraldehyde and orthophthalaldehyde pose questionable health threats and should be used 
only in the case of an on-orbit microbial emergency or on the ground where the toxicity levels 
could be adjusted to acceptable levels prior to launching.  The aforementioned list of 
antimicrobial agents recommended by the independent consulting teams (Mittelman and 
Associates, Montana State University, and NESC) should be tested for their efficacy in 
laboratory bench test and simulated IATCS conditions.  
                                                 
5 http://members.aol.com/logan20/faraday.html 
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11.7 Comprehensive Ground Test Roadmap for Potential Bio- and Chem-Fouling 
Problems 
Currently, the best IATCS test bed available is the system at MSFC.  However, this test bed does 
not accurately reflect current conditions of on-orbit U.S. Laboratory coolant system or Node 2 
from the standpoint of corrosion, precipitates, or microbial growth.   
 
Test bed development must represent an actual operating system with respect to configuration 
and must contain similar geometries (i.e., surface area, flow shear stresses, filters, pumps, gas 
traps, and cold plates).  The fluid chemical composition must mimic as closely as possible the 
actual system under investigation in terms of corrosion susceptibility, microbial types and 
concentrations, and precipitate types, concentrations, and locations.  The U.S. Laboratory and 
Node 2 IATCSs represent distinctly different operating systems because of their unique histories. 
 
Test bed operation should be used to monitor the evolution of the IATCS characteristics and to 
evaluate any proposed changes to these systems.  Any proposed changes to an actual operating 
system must be tested and verified in an appropriate test bed with the controlled change of only 
one variable at a time.  The required metrics are microbial enumeration and identification, 
evaluation of system performance, and determination of component life. 
11.8 Collateral Recommendations 
Based on the issues discussed in Sections 11.1 through 11.7, the following list of collateral 
recommendations (CR) was compiled.    
 
CR-1. Prohibit the use of glutaraldehyde as an on-orbit antimicrobial due to crew toxicity 
concerns and the absence of a remediation protocol.  (Section 11.1)   
 
CR-2. Use of glutaraldehyde as a ground-based antimicrobial for Node 2 and the GSE 
acceptable if measured microbial levels are unacceptably high and increasing, and 
verification of complete remediation can be assured prior to flight.  (Section 11.3)  
 
CR-3. Prohibit the use of silver as a near-term emergency antimicrobial unless there is clear 
trigger action (quantifiable health, performance, or component life concern), recognition 
of the short-term effectiveness of silver, and an assessment of the potential collateral 
galvanic corrosion effects.  
CR-4. Discontinue implementation plans for on-orbit remediation procedures, including 
borate/carbonate additions and the use of NiRA and PhosRA based on current and 
projected on-orbit conditions for U.S. Laboratory.  However, continue ground-test 
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development of remediation procedures in case a quantifiable on-orbit emergency 
condition develops that would require some or all of these to be implemented in the 
future.  (Sections 11.2 and 11.4) 
CR-5. Evaluate commercial corrosion monitoring systems to identify the most reliable and 
robust system(s) that can detect corrosion rate changes indicative of the onset of 
localized corrosion in IATCS units.  These systems should be used only in laboratory-
scale tests of the surface condition and coolant chemistry effects.  Use of corrosion 
monitoring devices in U.S. Laboratory and Node 2 is not recommended at this time.  
(Section 11.5) 
CR-6. Do not base any decisions on the PF (as used by SmartCet®) unless the capability can be 
demonstrated in a single-blind test, under controlled laboratory conditions with post-test 
confirmation of prediction.  (Section 11.5)   
CR-7. Continue specific testing for MIC including the possible effects of preferential 
colonization by SRB at sites (pits) where the intermetallics have been removed.  (Section 
11.5) 
CR-8. Continue characterization of alternative antimicrobials based on qualitative performance 
and acceptance requirements to address evolving microbial populations in water-based 
cooling systems.  (Section 11.6) 
CR-9. A system level fleet leader test bed, representative of flight configuration and coolant 
conditions, should be maintained throughout the life of the Program to evaluate 
unforeseen performance characteristics.  (Section 11.7) 
12.0 Recommendations 
 
12.1 Global Recommendations 
As stated in Section 1.0, the NESC team has adopted the governing tenets of protect the crew, 
proceed with caution as to do no harm, and act only when necessary.  These tenets will provide 
invaluable guidance in assessing the issues faced and interjecting possible investigation areas and 
courses of action. 
Protect the crew is self-evident in that no action should be implemented that would create a 
condition where exposure to a hazardous condition can be anticipated.  There has been 
considerable discussion on antimicrobial toxicity with respect to the coolant parasitic leakage 
and low-level exposure limits.  However, during transportation, storage, and handling, 
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concentrated antimicrobials also require careful consideration and characterization.  The nearly 
closed-loop nature of the ISS environment poses severe limitations on discrete and long-term 
exposure limits.  However, ground processing also requires appropriate screening for toxicity 
notification and monitoring. 
Proceed with caution as to do no harm is important when dealing with a complex system with 
operational nuances not readily appreciated.  This tenet directs careful problem definition and 
comprehensive characterization.  Controlled experimentation at increasing complexity is 
warranted. 
Act only when necessary is intended to use quantifiable triggering criteria for implementing 
actions.  These should be based on demonstrated actual or imminent threat to crew health, 
meaningful loss of performance, or meaningful component life reduction. 
 
12.2 Principal Recommendations 
R-1. Continue quantitative characterization and trending for IATCS coolants in ground-based 
and on-orbit systems to compare specification to actual chemistry and to monitor 
microorganism species and levels. (F-1 and F-2) 
R-2. Re-evaluate coolant chemistry and microbial intervention rationale for U.S. Laboratory 
based on apparent system steady state with regard to microorganism levels and nickel 
precipitation.  Reassess the overall corrosion rate assumptions used in the calculation of 
component life based on a re-examination of the laboratory corrosion testing data and 
evaluation of returned hardware. (F-3, F-6, and F-8) 
R-3. Evaluate susceptibility of the CRES 347 (sensitized and unsensitized) to IGC in IATCS 
coolant via long-term exposures and ASTM G 108 Electrochemical Potentiokinetic 
Reactivation testing on surfaces of CRES 347 after removal of brazes for both BNi2 and 
BNi3.  Susceptibility should be determined as a function of distance from the 
braze/CRES 347 interface. (F-6) 
R-4. Assess the development of a quantitative ground-based and on-orbit test method for the 
determination of HX performance.  Based on experience with the Ocean Thermal Energy 
Conversion (OTEC) program, a heat transfer monitoring device would be a very sensitive 
method to monitor biofilm development. (F-4) 
R-5. Establish a set of qualitative performance and acceptance requirements for evaluating 
proposed antimicrobials over the entire application range.  These requirements will be 
used to set characterization priority and final antimicrobial selection. (F-5) 
R-6. Develop specific primary and secondary dissection objectives for returned hardware that 
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includes inspection for the detection of pitting corrosion as well as measurement of 
biofilm speciation, thickness, and coverage and entrapped nickel precipitates.  Planning 
should include development of a protocol for how hardware is to be removed, handled, 
packaged, transported and analyzed as well as for how chemical, metallurgical, and 
biological examinations are to be performed. (F-7) 
R-7. Perform laboratory corrosion testing of BNi3 material to determine: (a) the effects of 
NiRA on corrosion rate, (b) the accurate dissolution rate of braze material, including time 
dependence, and (c) the effects of antimicrobials on materials of construction.  Use 
electrochemical techniques that measure corrosion rate with time at the open circuit 
potential.  Determine repassivation potential for materials of concern using modern 
methods.  Compare steady state open circuit potential to repassivation potential to assess 
likelihood of localized corrosion. (F-3 and F-6) 
R-8.   Match the GSE coolant chemistries to the compositions of the flight systems to avoid the 
introduction of undesirable constituents.  Microbial species and levels in the GSE should 
be controlled as not to introduce a new species and to a minimum level that does not 
exceed the CFU count of the flight system being serviced. (F-9 and F-10)  
R-9. Develop a coolant intermingling protocol to determine instances where the utilization of 
GSE and/or the relocation of equipment and racks between IATCS are acceptable. (F-9 
and F-11) 
R-10. Evaluate the initiation of TIMs with ESA and JAXA on the results of ongoing 
investigations and the potential for inadvertent corrosion damage and/or uncontrolled 
growth of microorganisms in the COF and JEM. (F-10) 
  
13.0 Lessons Learned 
1. Future closed-loop water-based cooling systems should not use gas permeable tubing that 
could allow unanticipated changes to coolant stability. 
2. GSE servicing units should be governed by the same configuration and coolant controls 
as flight systems to minimize the introduction of uncontrolled contaminants, 
microorganisms, and nutrients. 
3. A system level fleet leader test bed, representative of flight configuration and coolant 
condition, should be maintained throughout the life of the Program to evaluate 
unforeseen performance characteristics. 
4. Proposed corrective actions should be comprehensively characterized in the laboratory 
and validated in a test bed to monitor, remediate, and address unintended consequences 
before implementation in flight systems. 
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5. Continued antimicrobial development should be pursued to address evolving microbial 
populations in water-based cooling systems. These antimicrobials should not be toxic to 
the crew, produce performance issues, impact other subsystems, or effect component life. 
6. With such a complex chemical/materials situation as is present in IATCS, it is virtually 
impossible to perform modeling that accurately predicts on-orbit behavior. 
14.0 List of Acronyms and Symbols 
AOX  Assimilable Organics 
ASTM  American Society for Testing and Materials 
ATP  Acceptance Test Plan 
BMP  Contamination Control Equipment a in the Russian On-orbit Segment  
BNi  Boron Nickel 
C  Celsius 
CCAA  Common Cabin Air Assembly 
CFU  Colony Forming Unit 
COF  Columbus Orbital Facility 
CO2  Carbon Dioxide 
CPP  Cyclic Potentiodynamic Polarization 
CRES  Corrosion Resistant Steel 
CWG  Coolant Working Group 
Cxt  Concentration and Time 
DI  Deionized 
EATCS External Active Thermal Control System 
Ecorr  Corrosion Potential 
ECLS  Environmental Control and Life Support 
EDTA  Ethylenediamine Tetraacetic Acid 
ESA  European Space Administration 
EMU  Extravehicular Mobility Unit 
EPR  Ethylene Propylene Rubber 
GSE  Ground Support Equipment 
H2O  Water 
HOI  Hypoidous Acid  
HS  Hamilton Sundstrand 
HX  Heat Exchanger 
IATCS  Internal Active Thermal Control System 
IFHX  Interface Heat Exchanger 
IGC  Intergranular Corrosion 
ISS  International Space Station 
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ITA  Independent Technical Assessment 
JAXA  Japanese Aerospace Exploration Agency 
JEM  Japanese Experimental Module 
JSC  Johnson Space Center 
KSC  Kennedy Space Center 
LaRC  Langley Research Center 
L  Liter 
LTL  Lower Temperature Loop 
MASS  Multi-electrode Array Sensor System 
MCV  Microbial Check Valve  
MIC  Microbiologically Influenced Corrosion 
mL  milliliter 
MSFC  Marshall Space Flight Center 
MTL  Moderate Temperature Loop 
mV  millivolt 
NASA  National Aeronautics and Space Administration 
NESC  NASA Engineering and Safety Center 
NiRA  Nickel Removal Assembly  
O2  Oxygen 
OTEC  Ocean Thermal Energy Conversion 
PF  Pitting Factor 
PhosRA Phosphorous Removal Assembly 
PPA  Pump Package Assembly 
PPM  Parts Per Million 
QD  Quick Disconnect 
Rp  Polarization Resistance 
SEM  Scanning Electron Microscope 
SKV  Heat Exchanger (type) 
SMAC  Spacecraft Maximum Allowable Concentration 
SPCU  Servicing and Performance Checkout Unit 
SPRT  System Problem Resolution Team 
SRB  Sulfate Reducing Bacteria 
STS  Space Transportation System 
TCCS  Trace Contaminant Control Subsystem 
TIC   Total Inorganic Carbon 
TIM  Technical Interchange Meeting 
TOC  Total Organic Carbon 
USOS  United States On-orbit Segment 
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15.0 Definition of Terms 
Corrective Actions Changes to design processes, work instructions, workmanship practices, 
training, inspections, tests, procedures, specifications, drawings, tools, 
equipment, facilities, resources, or material that result in preventing, 
minimizing, or limiting the potential for recurrence of a problem.  
 
Finding A conclusion based on facts established during the assessment/inspection 
by the investigating authority.  
 
Lessons Learned Knowledge or understanding gained by experience. The experience may 
be positive, as in a successful test or mission, or negative, as in a mishap 
or failure. A lesson must be significant in that it has real or assumed 
impact on operations; valid in that it is factually and technically correct; 
and applicable in that it identifies a specific design, process, or decision 
that reduces or limits the potential for failures and mishaps, or reinforces a 
positive result.  
 
Observation A factor, event, or circumstance identified during the 
assessment/inspection that did not contribute to the problem, but if left 
uncorrected has the potential to cause a mishap, injury, or increase the 
severity should a mishap occur.  
 
Problem The subject of the independent technical assessment/inspection. 
 
Recommendation An action identified by the assessment/inspection team to correct a root 
cause or deficiency identified during the investigation. The 
recommendations may be used by the responsible C/P/P/O in the 
preparation of a corrective action plan.  
 
Root Cause Along a chain of events leading to a mishap or close call, the first causal 
action or failure to act that could have been controlled systemically either 
by policy/practice/procedure or individual adherence to 
policy/practice/procedure. 
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16.0 Appendices 
A. Mittelman and Associates Antimicrobial Survey Technical Report  
B. Montana State University Antimicrobial Survey Technical Report: Assessment of ISS 
IATCS Loop Microbial Control Options 
C. MSFC Glutaraldehyde Toxicity Assessment 
D. Boeing Glutaraldehyde Toxicity Assessment 
E. Altran Report (Technical Report 02660-TR-001) 
F. Toxicological Assessment of IATCS Coolant Biocides (Memo 632) 
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Appendix B.  Montana State University Antimicrobial Survey Technical 
Report 
 
ASSESSMENT OF ISS IATCS LOOP MICROBIAL CONTROL OPTIONS 
 
 
 
Final Report 
By 
 
Barry H. Pyle1, Ph.D., Susan C. Broadaway1, B.S., Elinor deL. Pulcini1,2, Ph.D., 
Tim E. Ford1, Ph.D., Anne K. Camper2, Ph.D. and Paul Sturman2, Ph.D. 
Department of Microbiology1 and Center for Biofilm Engineering2 
Montana State University – Bozeman 
 
October, 2004 
 
 
INTRODUCTION AND BACKGROUND 
The Internal Active Thermal Control System (IATCS) of the International Space Station (ISS) is 
a closed loop system that provides a relatively constant temperature coolant supply to equipment, 
payloads and avionics.  The coolant is a water-based fluid that contains borate as a buffer and 
phosphate as a corrosion inhibitor.  Silver has been previously added to control the bacterial 
population.   The IATCS is composed of two loops, the Moderate Temperature Loop (MTL) and 
the Low Temperature Loop (LTL).  The MTL contains approximately 200 liters of fluid and has 
a supply temperature range of 16.1 to 18.3o C.  The LTL contains approximately 60 liters of fluid 
and has a supply temperature range of 3.3 to 6.1o C.  The two loops can operate independently in 
a dual-loop mode or in series in single-loop mode. 
 
Since January 2000, the chemical and microbial state of the on-orbit fluid has been monitored by 
analysis of samples returned to earth.  Many chemical parameters have changed over time 
including a drop in pH from the requirement of 9.5 +/- 0.5 to ~ 8.4, an increase in the level of 
total inorganic carbon (TIC), total organic carbon (TOC) and nickel in the fluid, and a decrease 
in the phosphate level.  In addition, silver ion levels in the fluid have decreased rapidly as silver 
is deposited on internal surfaces of the system. It has been suggested that the lack of availability 
of silver ions coupled with changes in the fluid have created a favorable environment for 
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microbial growth.  Counts of heterotrophic bacteria have increased from <10 colony forming 
units (CFU)/100 milliliters (mL) to 106 - 107 CFU/100 mL.  The increase of the microbial 
population is of concern because uncontrolled microbiological growth in the IATCS can cause 
deterioration in the performance of critical components within the system and potentially impact 
human health if opportunistic pathogens become established.  Microorganisms are capable of 
degrading the coolant chemistry, attaching to surfaces and forming biofilm, causing subsequent 
biofouling of filters, tubing, and pumps, decreasing flow rates, reducing heat transfer, initiation 
and acceleration of corrosion, and enhanced mineral scale formation. 
 
The system was dosed with silver early in 2002 (Dickey, 2002).  On-orbit fluid samples 
indicated silver biocide filters were working, which was confirmed by water samples that were 
analyzed upon return to earth. There was a concern that silver was likely damaging the hardware. 
The report noted that CO2 exchange between the cabin atmosphere and coolant had apparently 
reached equilibrium resulting in a pH of 8.4, and that the coolant working group would consider 
whether pH 8.4 is acceptable (Dickey, 2002). 
 
Alternative biocides were selected (Wilson et al, 2003) based on the need for safe, non-intrusive 
implementation and operation in a functioning system; the ability to control existing planktonic 
and biofilm residing microorganisms; negligible impact on system-wetted components; and, 
negligible reactivity with existing coolant additives. The specific assessment criteria were 
weighted according to their perceived significance (Table 1).  
 
Table 1: Biocide Assessment Criteria and Weighting Factors 
(from Wilson et al, 2003) 
 Assessment Criteria Weight 
Material Compatibility 4x 
Chemical Compatibility 3x 
Safety/Toxicity 3x 
Disinfection Effectiveness 2x 
Stability 2x 
Byproduct Acceptability 2x 
On-orbit Implementation 1x 
Cost 1x 
In-flight Monitoring 1x 
Technology Readiness 1x 
 
Subsequently, the stability of the following biocides in the IATCS fluid was examined (Wilson 
et al, 2003): hydrogen peroxide, glutaraldehyde, bismuth thiols, and a polymeric guanide 
hydrochloride (Baquacil). Later, the biocidal efficacies of hydrogen peroxide, glutaraldehyde and 
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bismuth thiols were also determined (Wilson et al, 2004), in addition to chemical and metal 
compatibility. The antimicrobial tests were done in multiwell microtiter plates. Glutaraldehyde 
was selected as the optimum “technical solution" based on material compatibility, stability, and 
long duration effectiveness. It was reported that glutaraldehyde reacts slowly with trace levels of 
ammonia in the coolant, and that this might interfere with on-orbit measurements of ammonia 
unless the test procedure is adjusted for use in the presence of glutaraldehyde (Wilson et al, 
2004). 
  
The present evaluation of alternate antimicrobial agents was based on 20 criteria: 
 
1. Economy (cost) 
2. Application (application schemes) 
3. Storage stability (shelf life for concentrate); stability after application 
4. Odor (not harmful/offensive) 
5. Toxicity (fluid, off-gassing, effects on ISS trace contaminant control 
equipment) 
6. Cleaning power (removal of biofilm and/or organic/inorganic films) 
7. Penetrative power (reduction of bacteria/material in biofilm) 
8. Residual activity 
9. By-product/degradation products  
10. Reduction of planktonic counts 
11. Activity before and after dilution 
12. Degradation by organics 
13. Material compatibility (corrosion of metals, compatibility w/ non-metals) 
14. Broad spectrum activity 
15. Speed of action 
16. Compatibility with other chemicals in the system 
17. Industry experience  
18. Monitoring (of the biocide or its effectiveness) 
19. Effectiveness 
20. Removal method/difficulty 
 
To these 20 criteria, the following 17 fluid- and materials-related constraints were added: 
 
– Coolant specification for chlorides less than 1 ppm 
– Limit exposure to compounds that will increase general and pitting corrosion rates  
– Limit the use of heavy metals including silver, copper, etc. that will increase the 
corrosion potential of nickel braze coatings on cold plates and heat exchangers 
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– Maintain surface tension of coolant from 70 – 78 dynes/cm for optimal gas trap 
performance 
– Limit adverse impacts on wetted metallic materials including but not limited to the 
following materials: 
 
1. CRES 15-5 PH and 17-7 PH. 
2. Titanium 6-4. 
3. CRES 302. 
4. Hastelloy W weld material deposited on CRES 347. 
5. BNi2 braze material deposited on CRES 347 and Ni-201 to simulate a parting 
sheet – fin heat exchanger configuration.  Processing includes a diffusion cycle to 
reduce the amount of lower melting intermetallics within the braze layer. 
6. BNi3 braze material deposited on CRES 347 and Ni-201 to simulate a parting 
sheet – fin heat exchanger, and cold plate configuration.  Processing does not 
include a diffusion cycle to reduce the amount of lower melting intermetallic 
phases within the braze layer. 
7. BNi3 braze material deposited on CRES 347 with a Nioro (AMS 4787, BAu-4) 
repair to simulate a cold plate repair process. 
– Limit adverse impacts on wetted nonmetallic materials including but not limited to 
the following materials: 
1. Nylon 11 
2. Nylon 66 
3. Polypropylene 
4. Valox® (polybutyleneterephthalate) 
5. Ethylene propylene rubber (EPR) 
6. Epoxy resins, amine cured 
 
The objective was to utilize a matrix which would allow comparison of potential agents to select 
the 3 top candidate chemical/technologies to be tested at a later time. Data was gathered from 
manufacturers brochures, published literature, and websites to complete as much of the matrix as 
possible. We found that, for many agents, there was such a paucity of information available that 
there were many blank fields in the matrix. In addition, having a total 37 criteria made it 
impossible to gather information on every criterion for almost any agent. This led to the 
conclusion that selection could not be based on a ranking or scoring of alternative 
antimicrobial agents, as had been done previously (Wilson et al, 2003) because there was no 
way of assigning values for missing data.  Instead, it was decided to evaluate potential agents in 
relation to the effects and effectiveness of candidate agents in the system, based on current 
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knowledge of bacterial growth and biofilm dynamics in relation to significant characteristics of 
the coolant system. 
 
In recommending remedial actions, we believe that it is critical that the unique constraints of the 
IATCS aboard the ISS are taken into consideration. This system is located in a remote and 
isolated facility. Shipment of parts and materials is both difficult and costly, especially while the 
NASA Shuttle Orbiters are unavailable. The physical location and connections aboard ISS 
prevent major changes in the existing configuration. The system is affected by other crucial life 
support systems on board, including the air purification system which may, for example, affect 
levels of carbon dioxide. Leakage or spillage of antimicrobial agents or their products may lead 
to an extremely hazardous situation, even at concentrations much lower than those normally 
considered to be hazardous on earth. It would be difficult if not impossible to drain and discharge 
the present fluid in the system. Effects on system materials may cause irreparable or even 
catastrophic failure in relation to life support on board the ISS. Of particular concern is the 
toxicology of any particular agent in relation to crew health and safety. While an antimicrobial 
may be effective at concentrations higher than those permitted by NASA toxicological 
assessment, it would be imprudent to either exceed the toxicological recommendations to 
achieve a nominally effective dose rate, or to apply a suboptimal dose. With a lower than optimal 
dose of antimicrobial, there would be a significant potential for microorganisms to survive the 
treatment which could result in microbial growth and degradation of the agent, in addition to the 
possibility of selecting for strains that may resist the antimicrobial. 
 
EVALUATION CRITERIA 
The effects of both the microbes and the chemistry of the system, including additives, must be 
considered. Thus, the prime factors our group has focused on are:  
 
• Significance of microorganisms now in the system. 
• Antimicrobial effectiveness in relation to the bacteria likely to be present for both 
planktonic and attached as biofilms. 
• Effects on pH of the coolant and microbes. 
• Effects on assimilable organics (AOX) in the system. 
 
Significance of Microorganisms in the System 
There is little consensus on the significance of the numbers of microorganisms in the system at 
present. While the IATCS microbial populations fluctuate around 105 CFU/ml (equivalent to 107 
CFU/100ml), similar systems on earth with 103-104 CFU/ml would most likely be treated. 
Clearly, the extreme consequences of biocorrosion or pitting, which may lead to breakthrough of 
the refrigerant and subsequent system failure requires a conservative approach.  However, if 
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appropriate constituents and variables are monitored and remain stable, we recommend no 
antimicrobial treatment until the most solution has been identified following complete 
assessment. It is possible that if microbial numbers do not increase from existing levels or if they 
can be lowered by the least invasive treatments, there may be no further increase in long-term 
risks. Recommendations on monitoring and microbial control are provided below. While 
planktonic population numbers may not directly reflect surface colonization by biofilms, if there 
is no clear evidence of consequences typical of biofouling, e.g. lower heat transfer efficiency, 
increased flow resistance, or excessive release of corrosion products, it is likely that biofilm 
growth is limited. 
 
The identification of microorganisms in the two cooling loops suggest that there is a large 
proportion of hydrogen oxidizers, including some Acidovorax spp., Comamonas sp., and 
Ralstonia spp., which in total comprise 63% in the low temperature loop and 60% in the 
moderate temperature loop. The chemolithotrophic hydrogen-oxidizing bacteria can reduce 
oxygen with hydrogen, forming water, as a source of energy. Almost all of the hydrogen-
oxidizers in the above genera are facultative chemolithotrophs, being able to grow on organic 
compounds.  Many exhibit autotrophic growth on CO2. Thus, the influx of CO2 may have 
provided a selective environment for these bacteria, leading to their proliferation in the system.  
 
Acidovorax delafieldii, a prominent isolate from both cooling loops, was one of 5 bacterial 
species isolated most commonly from domestic copper plumbing systems (Critchley et al, 2003). 
For this organism, cuprosolvency was related positively with chloride concentration and 
negatively with pH and Langeliers Index (a measure of aggressivity) of a variety of drinking 
water sources. Carbohydrate concentrations in biofilms of A. delafieldii were positively 
correlated (p<0.001) with cuprosolvency which was attributed to corrosive exopolysaccharides 
produced by the organism; it may also have been related to the rate of metabolism of the 
organism. This is the only report of a corrosion study using a hydrogen oxidizer that was found 
in an on-line literature search. The study demonstrates that these bacteria may be involved in 
metal corrosion, at least with copper. 
 
Some of the hydrogen-oxidizing bacteria found in the IATCS coolant samples, including R. 
eutropha, may have nickel-dependent enzymes (Mulrooney and Hausinger, 2003). Micro-
organisms with these enzymes are capable of sensing cellular nickel ion concentrations and 
taking up this nutrient.  R. eutropha has a single gene responsible for Ni-specific transport. 
Among currently known nickel-dependent enzymes, those found in R. eutropha include a 
regulatory hydrogenase.  A requirement for nickel in these organisms may be related to the 
coupling of nickel uptake with energy metabolism. This would lead to their selective growth in a 
system containing nickel. 
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Many of the species identified in IATCS samples, and probably some unidentified Gram-
negative bacilli, fall into the former pseudomonas group of bacteria. Members of this group are 
well-known for their ability to form biofilms, in addition to having the potential to grow in a 
wide range of conditions with the ability to utilize a wide range of organic substrates. Thus, there 
is a high possibility of degradation of organic compounds, even antimicrobial agents or their 
breakdown products. 
 
Culture-based methods used to grow planktonic bacteria do not necessarily (and probably do not) 
identify all of the microbes that live in the system as biofilms. However, the available data do 
give some indication of the predominant species that colonize the system. 
 
Antimicrobial Efficacy 
Most antimicrobial agents can be effective if they can come in contact with susceptible bacteria 
at sufficient concentration for a suitable length of time. Thus, for disinfection of water and other 
media, a relationship between concentration and time (Cxt) is developed under the conditions of 
use. In the case of a recirculating system, the stability of the active agent and the potential for 
repeated dosing determine the contact time.  A number of factors may limit the concentration of 
an antimicrobial agent that can be applied, including material and chemical compatibility, and 
toxicological issues related to exposure risks to humans and other organisms.   
 
It is well known that bacteria in biofilms are less susceptible to killing than their planktonic 
counterparts, for a number of reasons. The current theories include differences in physiological 
characteristics of biofilm cells, in addition to diffusion limitation within the biofilm matrix. The 
resistance of biofilms to antimicrobial agents is now attributed as much to physiological factors 
as to restricted antimicrobial penetration (Drenkard, 2003; Mah and O’Toole, 2001). Drenkard 
concluded: 
“During the early stages of biofilm development, changes in gene expression induced by 
surface attachment lead to the emergence of a biofilm-specific phenotype that potentially 
increases biofilm resistance. Later on, the production of the exopolysaccharide matrix 
contributes to increasing cell survival by delaying antimicrobial penetration. As biofilms 
mature, the increase in cell density creates gradients of nutrient and oxygen availability 
leading to a reduction in metabolic activity and growth rate. Furthermore, the increase in 
cell density also leads to the activation of quorum-sensing systems. On the other hand, 
nutrient starvation and oxygen limitation induce the general stress response and up-
regulation of efflux pumps. Finally, environmental conditions present in the biofilm also 
induce or select for phenotypic/persister variants resistant to high concentrations of 
antimicrobials.” 
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Many bacteria have intrinsic resistance mechanisms, such as the widespread occurrence of 
catalase which inactivates hydrogen peroxide. Thus, while peroxide may not penetrate a thick 
biofilm which produces catalase (Cochran et al, 2000), penetration is possible in a thick biofilm 
of P. aeruginosa that lacked a major catalase gene (Stewart et al, 2000). This exemplifies the 
potential effectiveness of combining antimicrobial agents to achieve a synergistic effect, for 
example if catalase can be inactivated to some extent by a treatment with a metal such as silver, 
the effects of oxidizing agents like peroxide or halogens may be significantly enhanced. Taking 
this approach, it may be possible to use antimicrobial agents at lower than the usual effective 
concentration which then brings them into the range of compatibility with system materials and 
toxicological requirements. Ultimately, biofilm eradication (or control) is dependent on the most 
resistant component of the population being treated (Gilbert et al, 2002). 
  
Coolant pH 
The IATCS was designed to have a coolant pH of 9.5+0.5.  It appears that in the early stages of 
its operation, carbon dioxide penetrated the system through Teflon flexible hoses, causing the pH 
to fall and settle at 8.4. This was accompanied by growth of microbial populations which are 
now established at ca. 107 CFU/100ml (105 CFU/ml).  While the coolant was chemically 
buffered, this was not sufficient to prevent development of the lower pH.  In our opinion, it is of 
great importance that any agent added to the system should not cause any further lowering of the 
coolant pH. Thus, antimicrobial agents such as iodophors which contain strong acids are 
considered inappropriate for use in this system. 
 
Recent reports (Critchley, 2003; Veazey, 2004) suggest that a high pH may be a key factor in 
controlling microbial influenced corrosion of copper. The original establishment of a high 
coolant pH was most likely based on similar considerations for nickel and other metals in the 
IATCS.  Veazey quoted Marc Edwards (Virginia Tech), who said that limited bacterial activity 
was achieved in drinking water with a relatively high pH of 9.2, continuous chlorination, and the 
omission of any added organic matter, NH3, or phosphate, although extreme pitting was reported. 
It was suggested that some non-microbial corrosion occurs at high biocide (in that case chlorine) 
levels, although MIC occurs in systems with inadequate water treatment. Carbon dioxide 
contributes to copper pitting in cold water. Therefore it is considered important that the coolant 
system pH should be brought back up towards the original target, in addition to prevention of 
CO2 entering the system. 
 
While phosphate was added to the coolant primarily as a corrosion inhibitor, it has shown little 
effectiveness (Holt, 2004). It has been progressively lost from the system since late 2002, since it 
combines with nickel and precipitates out of solution as nickel phosphate.  In our opinion, it 
would be inadvisable to add more phosphate because it may not only tend to decrease pH but 
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also serve as a nutrient for bacterial growth. Phosphate is often a limiting factor for microbial 
growth in engineered systems, so phosphate levels may have contributed to microbial growth in 
the system. 
 
Effects of Assimilable Organics (AOX) 
Concentrations of Total Organic Carbon (TOC) in the system have consistently been above the 
specification limit of 5 ppm. Concentrations were stable at <25 ppm until early 2003. Even at the 
lower end of these concentrations, significant microbial growth is possible. A significant concern 
would be the addition of any antimicrobial agent that was not totally effective against all the 
bacteria in the system, including the most resistant biofilms. The hydrogen oxidizing bacteria, in 
addition to others likely to be present in the system, are well-known for their abilities to degrade 
complex organic compounds. Many antimicrobials break down naturally when mixed with 
water, forming less complex compounds that may have a lower antimicrobial activity in addition 
to being more prone to microbial degradation. These organisms would then not only derive 
energy from these compounds for growth, but also release assimilable organics which would 
serve as energy/growth sources for other surviving bacteria. We are not aware of any anti-
microbial agent that can provide guaranteed killing of all bacteria in a system like this. 
Therefore, we submit that it would be extremely risky to add an organically-based antimicrobial 
agent without extensive ground testing at lower than pre-determined additive concentrations. 
Within a complex system such as the IATCS, it is inevitable that there will be dead-ends, pockets 
and crevices where the calculated antimicrobial concentration does not penetrate. 
 
Glutaraldehyde and other organically-based antimicrobial agents may be subject to the 
phenomena described above. While glutaraldehyde may appear to be compatible and effective in 
similar systems, it may contribute to assimilable organic carbon, since the maximum use 
concentration dictated by toxicological concerns is 25 ppm (Perry, 2004), and this concentration 
is unlikely to be effective against bacteria in the system.  Although the biocide minimum 
inhibitory concentration in IATCS coolant was determined to be 25 ppm (Wilson et al, 2003), 
evidence from the literature and experts suggest that it is highly unlikely that concentrations less 
than 100 ppm will achieve microbial control in this system. 
 
RECOMMENDATIONS 
The rationale for these recommendations is: 
 
• It is critical that whatever is added to the system, assimilable organic carbon compounds 
(AOX) concentrations will not be increased either from chemical breakdown of the agent 
or by microbial degradation. 
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• Agents containing corrosive compounds like chlorine should be avoided, in addition to 
those that may contribute chloride ions. 
• Agents containing phosphorous should be avoided because they may contribute to 
lowering the pH of the system in addition to stimulating microbial growth. 
• If enhanced or synergistic activity of candidate agents can be achieved, it may be possible 
to use lower than usual concentrations and thus avoid serious effects on corrosion and 
pH. 
 
Given the above factors, the majority of commercially-available antimicrobial agents were 
eliminated as candidate alternative biocides. On this basis, the following actions and 
antimicrobials are recommended: 
 
System Restoration and Monitoring 
Efforts should be made to return the system to within the original target pH of 9.5+0.5. This may 
require control of CO2 input by reducing cabin CO2 concentrations, wrapping gas-permeable 
Teflon flex hoses with a gas-impermeable material, or replacement of gas-permeable Teflon flex 
hoses with gas-impermeable hoses. Other possibilities for pH control include chemical additives, 
although care must be taken not to adversely influence other components such as chlorides which 
may stimulate corrosion. System monitoring over a period of time following any restoration 
event is critical, and it will assist in the interpretation of the results of remediation. For example, 
on-board monitoring of bacterial numbers following treatment during times when samples 
cannot be returned to the ground may provide extremely valuable results.  
 
Monitoring should include microbial numbers and identification, pH, TOC, ammonia, nickel, 
phosphate, and filter and gas trap pressure, as has been done to date.  In addition, thermal 
transfer efficiency and head-loss through the heat exchangers should be monitored. If possible, 
on-orbit monitoring of bacterial numbers should be conducted routinely, even if the results often 
exceed the upper detection level. Ultimately, comparison of results between ground-based and 
on-orbit measurements may prove significant, particularly in relation to monitoring the effects of 
new treatments. 
 
While there is evidence that some bacteria, when growing as biofilms, may reduce or limit 
corrosion (Jayaraman et al, 1997a; Jayaraman et al, 1997b), this phenomenon should not be 
relied on because it is not known if bacteria such as Pseudomonas mendocina or P. fragi and 
others that may promote corrosion control are present in the system.  In addition, the conditions 
for corrosion limitation by microorganisms may not be met in the IATCS. 
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System Remediation including Antimicrobial Treatment 
This must be done with extreme care and caution, because it is possible that the effects of an 
antimicrobial agent on this closed system could themselves be catastrophic or at least enhance 
the risk of future hazards. For example, if a compound or its by-products build up in the system, 
this may ultimately stimulate further microbial growth or enhance corrosion or degradation of 
system components. Ongoing review of analytical results from the system, in addition to ground-
based experiments in systems that simulate the IATCS as closely as possible are required. 
 
Hydrogen Peroxide  
This is an aggressive disinfectant that does not contribute any ions or nutrients to the system, and 
it degrades in time to H2O and O2. It can be used on membrane filters that do not tolerate 
chlorine. While relatively high concentrations have been recommended, it can be catalyzed by 
metals including iron, copper and silver (see below). Hydrogen peroxide is often used in 
combination with peracetic acid, but this may be inadvisable in this case because of potential 
effects on system pH, and also because peracetic acid is an organic compound which may 
contribute to AOX in the system.  
 
Srinivasan and Eden (2004) showed that 1% (10,000 ppm) hydrogen peroxide caused substantial 
corrosion of Nedox (electro-less nickel) in an 8.4 pH Node 2 coolant fluid, and a further 
substantive increase in corrosion rate was observed with 3% (30,000 ppm) hydrogen peroxide. 
These concentrations are much greater than the 50 ppm minimum biocidal inhibitory 
concentration in IATCS coolant demonstrated earlier (Wilson et al, 2003).  Corrosion 
experiments should be repeated at much lower concentrations of hydrogen peroxide to determine 
the effects of the most likely concentrations that would be used to treat the system. 
 
Iodine 
Iodine can be delivered from iodinated resins that release the halogen on demand. These resins 
were developed over 30 years ago (Taylor et al, 1970). The resins can be prepared to deliver I2 
concentrations up to around 30 ppm (Lambert et al, 1980).  Iodine treatment later adopted for use 
on NASA spacecraft because the resins could be housed in an in-line delivery system called a 
Microbial Check Valve (MCV) (Atwater, 1996).  
 
Dissolved iodine can be delivered from concentrated solutions containing appropriate 
concentrations of iodine and potassium iodide to ensure the presence of sufficient concentrations 
of the germicidally-active forms I2, hypoidous acid (HOI) (Gottardi, 2001).  Microbial control 
using iodine can be achieved in the pH range of 3-9 when using the appropriate formulation 
(Gottardi, 2001), although Richter and Cords (2001) suggest a pH range of 2-6 for iodine in 
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commercial sanitizers and disinfectants. The references cited in a footnote indicate that they are 
referring to iodophors which are typically used in the acidic range. Based on Gottardi’s data, 
effective microbial control should be achieved at the higher pH levels of the IATCS. 
 
While some microbes may be less-susceptible to iodine than others, studies have shown that 
bacteria similar to the majority colonizing the IATCS can be successfully treated with iodine, 
depending on the organism, growth conditions (Pyle and McFeters, 1989), and biofilm formation 
(Pyle and McFeters, 1990a). Although regrowth of survivors following iodination is possible 
(Pyle and McFeters, 1990b), it should be noted that low iodine concentrations and short 
treatment times were used in those studies. 
 
Silver  
This metal can be delivered either by ionization from an electrode (CAVion) or from ions bound 
to a ceramic carrier (Agion). Low concentrations, even in the ppb range, may be effective. 
Combination with oxidizing agents such as peroxide or iodine may result in strong synergistic 
activity, allowing for much lower than usual concentrations of these antimicrobials. Electrodes 
are available with either silver alone or a copper/silver alloy; the former may be preferable to 
avoid deposition of copper. While there may be some concerns regarding the possibility that 
silver will plate out on surfaces, there is little likelihood that this would have deleterious effects, 
apart from loss of silver from solution which could be replenished by continuous generation of 
silver ions.  CRES 347 coupons with an alumina-based coating containing 10% (w/w) AgO as a 
hydrophilic antimicrobial demonstrated effective microbial control in accelerated tests with the 
equivalent of 10 years flowing water (Pickup and Zhou, 1998). Silver concentrations in 
condensate runoff were constantly around 50 ppb, which was greater than the 20 ppb found to 
provide effective microbial control. These metals are effective at higher pH values. 
 
Silver nitrate and silver sulfadiazine in topical preparations have been used to treat conjunctivitis 
of the newborn and burn wounds (Weber and Rutala, 2001). An antimicrobial coating which 
combines an immobilized polymeric biocide with an insoluble silver salt releases antimicrobial 
silver on demand (Weber and Rutala, 2001). This preparation, which may be used for 
environmental surfaces and the skin, exemplifies the enhanced effects of combining biocides, as 
suggested by Pickup and Zhou (1998) for heat exchangers.  
 
Hydrogen Peroxide – Silver  
A formulation of this combination is commercially available, with recommended dosages of 0.5 
ppm hydrogen peroxide and 10-20 ppb silver (Accepta 8101). This combination has been shown 
to be much more effective than H2O2 alone. It is possible that this combination is more effective 
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because microbial enzymes, possibly including catalases, are inhibited or inactivated by the 
metal, allowing a more effective dose of peroxide to reach targets on or in the cells. 
 
Iodine – Silver  
The synergistic effects of chlorine with low concentrations of metals such as copper and silver 
have been demonstrated (Yahya et al, 1990). Similar effects were observed with iodine, 
introduced as an iodine/potassium iodide solution at 200-500 ppb in the presence of 100-400 ppb 
copper and 11-44 ppm silver (Pyle et al, 1992). While the addition of copper to the IATCS is not 
recommended, it is very likely that similar synergistic effects would be found with a combination 
of iodine and silver at appropriate concentrations. It may be important that the electrolytic 
generation of silver ions, rather than chemical addition is used.  Since the use of a MCV to 
deliver iodine is possible, this combination may prove to be both effective and relatively easy to 
install and operate onboard the ISS. We recommend a combination of iodine at around 1-10 ppm 
in combination with silver at 10-20 ppb. The issue of potential co-precipitation would have to be 
taken into account. We found no evidence of this in our experiments which were performed with 
relatively low concentrations of iodine and silver. As noted above, there may be a difference 
between the addition of a silver salt as opposed to generation of ionized silver from an electrode. 
In addition, an iodine solution similar to the one we used, rather than iodine released from resins 
in the MCV may be less likely to co-precipitate. 
 
OVERALL RECOMMENDATIONS 
In our opinion, the most prudent solution is to continue to gather relevant information from 
onboard IATCS data, analyze onboard samples returned to earth, and further ground-based 
experiments on antimicrobial efficacy and material compatibility of the alternatives we are 
proposing, prior to selecting any antimicrobial agent to treat the system.  
 
The criteria for selection should be based, in order of priority on: 
a. Toxicological assessment to determine upper limits for application of candidate 
antimicrobial agents. 
b. Assessment of material and chemical compatibility within the toxicological limits. 
c. Determination of antimicrobial efficacy within the toxicological limits. 
 
If two agents can be used together at concentrations within the toxicological limits and levels for 
material and chemical compatibility for each, it may be possible to achieve antimicrobial 
efficacy even though either or both of the same two agents alone may not be effective at those 
concentrations. Tests for efficacy should be performed in ground-based model systems with 
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similar characteristics and degree of microbial colonization as those in the IATCS aboard the 
ISS. 
 
There are several factors to be considered in terms of the urgency of a need to take remedial 
action in the form of biocide addition. One is the potential failure of a critical life support system 
due to biofouling, corrosion, reduced heat transfer efficiency, increased flow resistance across 
the cooling units, and blockage of filters and other components. While filters can be replaced, 
blockage of the narrow lumen of the heat exchangers by extensive biofilm sloughing could lead 
to major failure of the system. The other is the potential risk of exposing the crew to a potentially 
toxic concentration of an antimicrobial agent or its breakdown products. While breakthrough of 
refrigerant may be indicated by increased ammonia concentrations, microbial metabolism of 
ammonia may mask this.  On the other hand, microbial ammonification may give a false 
indication of refrigerant breakthrough.  It is recognized that balancing these risks is extremely 
difficult. 
 
Criteria for system control may need to be revised. Although the present levels of IATCS 
biofouling may not be acceptable, it is quite likely that bringing the planktonic counts down to 
102 – 103 CFU/ml by the least hazardous means would reduce risks of system failure. The use of 
an antimicrobial agent or combination of agents at acceptable moderate, effective concentrations, 
may also achieve this goal. Whether or not it is advisable to change the pH requirement is 
another question. If it was possible to return the pH to closer to its original target value, 
significant remediation of the system may occur, permitting continued operation without the 
addition of any potentially harmful or controversial antimicrobial agent. 
 
We are aware that this is a very complex situation, and that there are many engineering, 
chemical, physical, microbiological and other constraints to be taken into account in developing 
a treatment plan. Since the return of samples and components to earth is difficult and sporadic, 
on-board monitoring including microbiological analysis may need to be increased.  Ground 
testing, including material compatibility and corrosion assessment should be performed at 
antimicrobial concentrations close to those likely to be used on board if the candidate 
antimicrobial is selected. There is no doubt that safety margins should be included in the plan, 
but we believe that the less invasive approaches may be safe and effective. 
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Appendix C.  MSFC Glutaraldehyde Toxicity Assessment 
 
National Aeronautics and 
Space Administration 
George C. Marshall Space Flight Center 
Marshall Space Flight Center, AL  35812 
 
June 9, 2004 
 
 
Reply to 
Attn of: FD21(04-086) 
 
TO:  ED25/J. M. Holt 
FROM: FD21/J. L. Perry 
SUBJECT: Compatibility of a Candidate Internal Thermal Control System Biocide With the 
International Space Station’s Environmental Control and Life Support System 
 
At the request of the Internal Active Thermal Control System (IATCS) problem resolution team, 
an engineering assessment has been conducted to fully understand the Environmental Control 
and Life Support (ECLS) system-related impacts associated with changing the IATCS biocidal 
additive from silver to glutaraldehyde.  A narrative report documenting this assessment is 
attached.  The assessment was conducted according to standard practice for assessing the 
environmental impacts of payloads and within the bounds set by International Space Station 
(ISS) Program specifications for trace contaminant control. 
Because the specification of the active trace contaminant control equipment for any spacecraft 
precedes those data necessary to fully validate its design, standard design practice dictates an 
approach whereby the active contamination control system performs its function unassisted by 
any other systems or processes in the cabin.  This means that overboard atmospheric leakage and 
assists provided by other air processing systems such as CO2 removal and humidity control 
equipment are not considered during the design and validation of the active trace contaminant 
control equipment.  To maintain consistency, all new contamination loads are assessed in the 
same manner. 
Within the context of ISS Program requirements, an additional loading of a chemical compound 
not contained in the design listing provided in SSP-41000Y, SSP-41162AN, or S683-29523P 
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constitutes a new, specific verification case.  Therefore, this verification is constrained to 
consider only the active contamination control systems on board the ISS, unassisted by other 
serendipitous removal, for maintaining the added contamination load below individual 
compound spacecraft maximum allowable concentrations (SMACs).  This maintains consistency 
with the active contamination control equipment’s certification. 
Specific findings from the detailed evaluation of glutaraldehyde as a candidate biocidal additive 
to the IATCS working fluid relating directly to contamination control equipment certification are 
the following: 
1. Evaporation rates from concentrated aqueous solutions of glutaraldehyde are such that 
appropriate containment and personal protective equipment must be used when injecting the 
solution into the IATCS. 
2. Basic, unassisted trace contaminant control capability as defined by ISS Program 
specification cannot accommodate the range of IATCS leakage rates for any glutaraldehyde 
concentration in the IATCS fluid.  Therefore, the ISS active contamination control systems 
cannot be certified to control glutaraldehyde emissions into the cabin within the range of 
IATCS leakage specification. 
Additional effort was undertaken by expanding the assessment’s scope to address the fate of 
glutaraldehyde within the ISS cabin environment to address and understand the impact on all 
ECLS system processes—both atmospheric and water processing.  This expansion considers an 
assist to the basic contamination control equipment provided via absorption by humidity 
condensate and the operation of contamination control equipment in the Russian On-orbit 
Segment (ROS).  Contamination control system failure scenarios are also considered.  Findings 
from the expanded evaluation are the following: 
1. The combined ECLS trace contaminant control and water processing systems cannot be 
certified for IATCS fluid concentrations >25 mg/liter glutaraldehyde.  If no other suitable 
additive can be found, however, glutaraldehyde concentrations <25 mg/liter may be used, 
based on the IATCS fluid leakage specification, to ensure long-term hazards to human health 
and ECLS system air quality control and water processing equipment are acceptable. 
2. Any decision by the ISS Program to use glutaraldehyde as a biocidal additive to the IATCS 
fluid in the USOS must be reviewed by the International Partners within the Common 
Environments Team forum.  This is necessary because fugitive emissions from the IATCS 
effect the common cabin environment and require removal by contamination control 
equipment on board the ROS to ensure acceptable cabin air quality is maintained. 
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Overall, measures must be taken to minimize the risk to human health and maintaining the ISS’s 
cabin air quality as well as protecting the water processing systems.  Although the active 
contamination control systems have proven themselves reliable, they are designed specifically to 
control the contamination loading from equipment off gassing and human metabolic processes 
alone.  They are not designed to serve as a hazard control for chronic or acute chemical releases 
into the cabin.  It should be noted that cabin air quality monitoring techniques employed by the 
ISS Program are not sensitive enough to monitor glutaraldehyde’s concentration at or below the 
180-day SMAC.  Therefore, it is not possible to verify cabin air quality maintenance via existing 
monitoring techniques. 
Based on the ISS ECLS engineering evaluation, it is found that the overall challenges and risks 
associated with using glutaraldehyde as a biocidal additive are significant and present long-term 
operational issues to the ISS Program if implemented.  Therefore, it is recommended that other 
candidate biocidal additives be evaluated and a suitable alternative to glutaraldehyde selected.  If 
no suitable alternative can be found, it is recommended that the existing silver additive or 
glutaraldehyde at concentrations <25 mg/liter be used on a periodic basis.  Further, if 
glutaraldehyde is ultimately selected, its use must be reviewed and approved by the International 
Partners within the Common Environments forum. 
Please contact me at 544-2730 concerning details of this assessment. 
 
/original signed/ 
Jay L. Perry 
Senior Engineer 
ISS Air Quality Control Systems 
Environmental Control and Life Support Group 
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NOTE: Following Altran’s 87-page report is Altran’s response to Boeing’s comments 
on the report (dated December 2, 2003). 
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